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ACTIVATION OF OXIDIZED SURFACE OF ANTHRACITE WASTE
COAL BY ATTRITION

Jovica M. SOKOLOVIC, Rodoljub D. STANOJLOVIC, Zoran S. MARKOVIC

University of Belgrade, Technical Faculty Bor, Department of Mining, VVojske Jugoslavije 12, 19210,
Bor, Serbia, Tel.: +381 30 424 555; Fax: +381 30 421 078, jsokolovic@tf.bor.ac.rs

Abstract. In this paper the activation of oxidized surface of anthracite waste coal was
investigated. Coal weathering leads to physical and chemical changes on the coal surfaces and
a reduction of its hydrophobicity and floatability. The changes and the presence of oxygen
functional groups in the structure and surfaces coal was confirmed by the FTIR study on the
raw and waste coal. The groups have remarkable impacts on surface charge and thus flotation
kinetics. The floatability of oxidized coal may be improved by the creation of fresh,
unoxidized surfaces on coal by attrition at high solid concentration prior to introducing coal to
the froth flotation process. This paper presents the results of the effects of attrition on the
floatability of the oxidized surface of waste coal, coal pyrite and alumino-silicate minerals
through electrokinetics and microflotation experiments. The results show that the attrition, in
the viscous pulp with the solid content of 50%, lead to the mechanical cleaning of oxidized
surface and activation of the surface of coal particles, which agrees with the change of zeta
potential and increasing floatability of coal by 10%. Obviously that the mechanical scrubbing
may be able to restore the natural floatability of superficially oxidized coal by removing the
thin oxidation layer from the coal surface. The results show that attrition time is an important
parameter from the point of view of activating the oxidized coal surface, and positive changes
in zeta potential and floatability. The change of zeta potential, as a measure surface charge
state of coal particles, from -15 mV to about 0 mV, after attrition for 30 minutes, confirms
positive application of attrition. Zeta potential approaching 0 mV resulted in increasing
floatability down to the real possibilities of the attrition process prior the coal flotation.

keywords: waste coal, oxidation, FTIR, attrition, zeta potential, floatability

1. Introduction

A large amount of waste coal is created annually in the anthracite Vrska Cuka coal
mine, Avramica, Serbia. It is becoming necessary to beneficiate the large quantity of
discarded coal fines. Apart from adding value to a waste product, there is also an
environmental issue (the fines are generally dumped into large ponds). Such waste
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coal shows reduced natural floatability and it is not suitable for the application in a
flotation process.

It is known that coal weathering, which occurs when coal is exposed to the
atmosphere in natural conditions, is a very complex physico-chemical process
(Iglesias et al., 1998). The atmospheric oxidation of coal by weathering or by storage
starts with the physical adsorption of oxygen on the surface to form various oxygen
functional groups such as hydroxyl (phenolic —OH), carbonyl (C=0) and carboxyl
(~COOH) groups and soluble inorganic species on the coal surface (Somasundaran et
al., 2000; Jia et al., 2000). The presence of these functional groups in coal structure
strongly affects coal surface properties and reduces the hydrophobicity of the coal
surface, as a results, its floatability (Sun, 1954; Swann et al., 1972; Wen and Sun,
1981; Fuerstenau et al., 1983, 1992; Philips et al., 1987; Laskowski, 1995), because
the surface functional groups are hydrophilic (Beafore et al., 1984). According to
Fuerstenau et al. (1983), coal surface properties are determined by the surface
functional groups (especially the phenolic and carboxylic oxygen groups) more than
by total oxygen content. Other studies have shown that coal oxidation increased
oxygen functional groups such as carboxyl (COOH), carbonyl (C=0), and phenol,
altering the surface hydrophobicity through the hydrophobic and hydrophilic balance
(Fuerstenau et al., 1983; Miller et al., 1983).

Recently, many researchers determined these functional groups on the coal surface
by various analytical techniques. FTIR methods can be a powerful tool for studying
the surface components of coal and their changes during oxidation (Calemma et al.,
1988: Kister et al., 1988; Xiao et al., 1990; Iglesias et al., 1998; Pietrzak and
Wachowska, 2003; Saikia et al., 2007). Also, a number of indirect techniques are used
to measure the degree of oxidation of coal surface by determining the wettability and
floatability of the coal. The zeta potential measurement of coal can provide useful
mechanism information of the surface changes. The zeta potential of oxidized coal is
generally found to be lower than that of un-oxidized coal (Fuerstenau et al., 1987,
Sadowski et al., 1988) and the isoelectric point usually shift toward the acid pH range
(Sokolovic et al., 2006). Obviously, the zeta potential of coal is a function of active
oxygen groups. An increase in the hydroxyl and carboxylic functional groups on the
coal surface increases the negative zeta potential (Woodburn et al., 1983).

Yarar and Leja (1981) established a correlation between the zeta potential of
weathered coal and its flotation response. It was found that naturally weathered coal
flotation follows a pattern parallel to zeta potential. These studies were directed
towards establishing the relationships between the degree of oxidation and surface
oxidations of coal as well as its flotation response.

The floatability of minerals can be directly correlated to their zeta potentials
changes. A correlation between concentration of phenolic and carboxylic groups and
the flotation behavior of several different coals has been discussed by Fuerstenau et al.
(1983; 1987; 1994). The ionizable phenolic and carboxylic groups have a great effect
on froth flotation since these groups affect the zeta potential of coal and modify its
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wettability and floatability (Sarikaya, 1995). It was shown, using film flotation and
zeta potential measurements that the maximum flotation response for coal occurs close
to its isoelectric point (IEP) (Fuerstenau et al., 1983; Diao and Fuerstenau, 1991;
Laskowski, 2001).

It is known that floatability oxidized coals can be improved in various ways, by
adding certain agents (Horsley, 1951-1952; Gayle et al., 1965; Karsilayan et al., 1992;
Bolat et al., 1998; Jia et al., 2000) or application of various physical and mechanical
processes (Buttermore and Slomka, 1991; Piskin and Akguen, 1997; Ozkan and
Kuyumcu, 2006).

In this study we investigated the activation of oxidized surface of anthracite waste
coal using attrition. The floatability of oxidized waste coal can be improved by the
creation of fresh, unoxidized surface of the coal by attrition. Mechanical scrubbing
may be able to restore the natural floatability of superficially oxidized coal by
removing the thin oxidation layer from the coal surface (Tao et al., 2002). Various
techniques, including FTIR, electrokinetic and microflotation tests have been
employed in our research works. The results of investigations of the effects of attrition
on the floatability of the oxidized surface of waste coal, coal pyrite and alumino-
silicate minerals are presented in the paper. The results are compared with floatability
and zeta potential of raw coal.

2. Material and methods
2.1. Materials

Samples were taken from anthracite coal mine Vrska Cuka in Serbia. The first pure
representative samples were collected manually from raw coal (marked as coal (C))
and second, from the waste ponds (marked as waste coal (WC), alumino-silicates (AS)
and coal pyrite (CP). The collected pure sample of about 250 kg was subsampled by
coning and quartering to obtain a representative sample. All samples, from 50 to 100
mm size range, were crushed and screened to obtain different size fractions. The (-
38+0) um fraction was used for proximate, ultimate analyses, micro flotation tests and
electrokinetic’s measurements, respectively. The characterization of coal samples
provides a fundamental understanding of its oxidation state. The data that is obtained
usually indicates whether or not coal is easily floated. Proximate analysis includes the
analytical determination of the combustion matter content, volatile matter and ash
content in the coal sample. The fixed carbon content was calculated by subtracting the
ash and volatile matter content from 100%. Ultimate analysis consists of measuring of
carbon, hydrogen, sulphur and, nitrogen. The oxygen content of the coal is calculated
by subtracting the sum of the carbon content, hydrogen content, sulphur content and
nitrogen content from 100%. The results of proximate and ultimate analyses of the raw
and waste samples are given in Tables 1 to 3.

The average content of ash in raw coal is about 7.5%, calorific value in comparison
with other kinds of coal is higher, allways over 33.5 MJ/kg. According to data from
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Table 1, a significant increased in ash content was found in the waste coal (WC)
sample as a result of the coal weathering and storage. The average ash content in
waste coal sample increased and was about 17.3 %.

Table 1. Proximate analysis of coal (C) and waste coal (WC) sample

Combustion Volatile Fixed - Total
Coke Calorific Ash
Sample matter matter %) carbon value (ki/kg) %) sulphur
(%) (%) U ) g U )
Coal (C) 92.47 9.21 90.79 83.26 33586 7.53 1.40
Waste coal (WC) 82.70 6.43 93.57 76.27 29754 17.30 1.61
Table 2. Proximate analysis of associated mineral matters samples
Sample Combustion matter Calorific value Ash
P (%) (K¥tkg) (%)
Alumino-silicates (AS) 14.05 - 85.95
Coal pyrite (CP) 24.85 5927 75.15
Table 3. Ultimate analysis of coal and waste coal and associated mineral matters samples
Element (wt. %)
Sample C N H S
Coal (C) 73.15 3.15 2.07 0.72
Waste coal (WC) 56.83 2.84 1.33 0.50
Alumino-silicates (AS) 9.25 1.27 - -
Coal pyrite (CP) 8.06 0.70 - 31.27

Table 4. Chemical analysis of ash of coal and waste coal and associated mineral matters samples

Element (wt. %)

Sample Si0, Al,O; Ca0 MgO Fe,0; SO,
Coal (C) 1156 10.30 31.00 382 6.29 28.50
Waste coal (WC) 39.68 18.90 12.72 1.79 459 11.95
Alumino-silicates (AS)  60.16 17.95 2.54 0.91 9.21 2.55
Coal pyrite (CP) 0.80 1.01 11.45 3.44 47.64 10,65

A comparison in the elemental composition of both coal samples is given in Table
3. The results of qualitative composition of elements in the raw and waste coal show
increase of O (calculated by difference to 100 %) and reduction of C/H ratio (obtained
from ultimate analysis) in the waste coal, indicating the sensitivity of the coal surface
to oxidation (weathering). Chemical analysis of all analyzed samples confirms a
presence of associated mineral matters such as coal pyrite and alumino-silicates.
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2.2. Methods
2.2.1. FTIR spectroscopy

Infrared spectroscopy is an important and widely used analytical tool for
determining the structure of coal material. FTIR spectra were recorded on a Nicolet
Nexus IR 6700 with KBr pellet in the range of wave numbers 4000-400 cm™. Scans
were collected at a resolution of 2 cm™. The coal/KBr disks were prepared at ratio 150
mg KBr and 1 mg sample.

2.2.2. Zeta potential measurements

Electrokinetic studies were carried on a defined size fraction of -38 um, with 10
grams of the sample and 1 dm? solution of different pH values. The zeta potential was
determined using a Riddick Zeta Meter and an electrophoretic cell. After conditioning,
the pulp was transferred to the electrophoretic cell and the mobility of at least 10
particles was measured. The zeta potential was calculated from the electrophoretic
mobility. In determining the zeta potential value adjustments were made for
temperature which varied in the range of 20 to 25°C.

2.2.3. Microflotation experiments

Micro-flotation tests were carried out using a modified Hallimond flotation glass
tube. Sample was conditioned in 100 cm® solution at the different pH values.
Conditioning time was 3 minutes. Following the conditioning step, the pulp was
transferred to the Hallimond tube for flotation, which was carried out for 1 minute
using air at a flow rate of 0.1 dm®min. All experiments were conducted using
distilled water. The 0.1 M HCIO, acid and 0.1 M NaOH base solutions were used as
pH modifiers.

3. Results and discussion

Current knowledge on the flotation of oxidized coals shows that the investigation
of physical-chemical properties and phenomena at interfaces, as well as the
identification of compounds on the surfaces of coal, can establish a correlation
between the functional groups as well as zeta potential and floatability.

3.1. Identification of functional groups on the surface of coal by FTIR analysis

Concentration, type and distribution of functional groups on the surface of coal can
vary widely depending on the type and degree of coal oxidation. Figures 1a and 1b
present the spectra of the raw and waste coal samples.

The FTIR spectra of both studied coal samples show a certain number of common
absorption bands, different shapes and intensities, with characteristic peaks, which can
be divided into the following functional groups:
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- bands in the range from 3600 to 3700 cm™ assigned to vibrations of hydrogen
strongly bonded of OH groups. These bands indicate the presence of small
concentrations of alcohol and phenol

- in the wavelength range of 2850 to 2950 cm®, and 3000 to 3100 cm™?, fresh raw
coal shows weak bands with characteristic peaks at 2910 and 3031 cm™. Both bands
assigned to asymmetric stretching vibration of CH, groups, or asymmetric and
symmetric vibration of aromatic =C-H compounds, respectively. The absence of these
groups on the spectra of waste coal shows that the intensity of this bands decreases as
a result of surface oxidation and the aromatic structures in coal subject to oxidation

- peak at 1587 cm™ in the wavelength range 1500 to 1600 cm™ in the FTIR spectra
of raw coal, assigned to the symmetrical vibrations of C-C=C bond of aromatic rings.
These absorption bands confirms the change in surface coal

- the observed peaks of different intensities, with maximum at 1424 cm™ in the
spectra of raw coal (RC) and the 1434 cm™ in the spectra of waste coal (WC)
corresponding to the deformation of bending vibrations of methyl -CH; and methylene
-CH; groups. The intensity of these vibrations are also reduced as a result of surface
oxidation of coal

- the intensity of the absorption bands with maximum at 1030 cm™ in the spectrum
of waste coal is a consequence of the symmetrical vibration of aliphatic ether group,
C-O-C and possibly due to vibrations of S = O groups, because the stretching
vibrations of these groups occurs in the range of 1030 to 1070 cm™ (Pietrzak and
Wachowska, 2003). The absence of S = O groups on the surfaces of raw coal, as well
as the formation of sulfoxides on the surfaces of waste coal indicates the effects of
surface oxidation of coal

- absorption bands with peaks at 1006, and 1004 cm™ in the spectra of raw and
waste coal, respectively, originate from the deformation vibration of C-H group of
alkenes. Lower intensity of these vibrations in the spectrum of waste coal confirms
changes during coal oxidation by weathering

- formation of carboxyl group (acid) during oxidation can be explained by changes
observed in the spectrum of waste coal. In the wavelength range from 880 to 960 cm™
and with a characteristic peak at 910 cm™, it can be assigned to deformation vibration
of OH-O group

- reduction of aromatic hydrogen was observed in the spectrum of waste coal, in
the wavelength range from 650 to 900 cm™, characterized by varying intensity, can be
assigned to vibrations of C-H groups of aromatic rings.

Comparing the FTIR spectra of raw and waste coal provide the following
conclusions: on the surfaces of waste coal, as a result of oxidation, there is a formation
of different oxygen functional groups (COOH, S=0, C-O-C) and absence of C-C=C of
the aromatic compounds and reduction of aromatic and aliphatic C-H groups. All
previous conclusions confirm the changes on the surfaces, which are the result of
surface oxidation, occurred during weathering or storage.
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Fig. 1. FTIR spectra of a) coal (C) and b) waste coal (WC) samples

3.2. Effect of pH on the zeta potential and floatability

Correlation between zeta potentials of waste (oxidized) coal, coal-pyrite and
alumino-silicates minerals from old tailings ponds and flotation responses is a useful
indicator of degree of oxidation and floatability of coal. The value of the zeta potential
of coal is a key tool of theoretical analyses concerning the behavior of coal in the
process of coal flotation. Figure 2 shows the correlation between zeta potential and
floatability of waste (oxidized) coal, coal-pyrite and alumino-silicates minerals as a
function of pH.

Comparing measured zeta potential and floatability curves, different trends of
curves depending on pH can be observed, both from the view point of obtaining
isoelectric points of zeta potential as well as optimal flotation response that are
important both at the theory and practical use of coal flotation.
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The results confirm that H* ions are potential determining species. Therefore,
different concentrations of hydronium and hydroxyl ions not only change the
magnitude of the zeta potential but also its sign. The zeta potential curves show that
the isoelectric point (IEP) of waste coal is about pH 6.5. Compared with IEP of raw
(unoxidized) coal, which is achieved at pH 7.5 (Sokolovic et al., 2006), results show
that the surface of coal particles becomes negatively charged due to oxidation.
Obviously, the zeta potential of coal is a function of active oxygen groups and IEP of
waste coal lies on the lower pH, as a consequence of oxidation by weathering.

The zeta potentials of alumino-silicates as a function of solution pH are given
in Fig. 2b, which shows IEP of alumino-silicates and coal-pyrite at pH 5.7. The
position of isoelectric point depends not only on the concentration of H* ions, but
also the concentration of silanol groups (HO-Si=) that are formed on the surfaces as
a result of oxidation. The reaction is:

=Si-0Y+H-0-H+¥S=«Si-OH+HO-Si=

It is believed that these groups show negative charge and the potential
determining ions for all SiO, modifications are hydroxyl ions. Figure 2b shows that
coal-pyrite's isoelectric point (IEP) is at about pH of 8.4. The high IEP value obtained for
coal-pyrite may be due to the presence of a high concentration of ferrous ions which
results from the high solubility of coal-pyrite. Previous studies of Sokolovic et al.
(2006) have shown that addition of ferrous ions shifts the IEP of ore-pyrite from
pH 4.0 to 8, and the magnitude of the zeta potential of ore-pyrite is lowered.
Comparing zeta potential curves, it is clear that the zeta potential behavior of coal-
pyrite is analogous to that of ore-pyrite in the presence of ferrous ions with the
same IEP at pH 8. Such results are consistent with the results of Jiang et al.
(1998).

Floatability is a critical parameter for control of coal flotation. The flotation
behaviors of all samples were found to be dependent on pH. It is shown that the
maximum floatability occurs close to the isoelectric points of the coal. The relatively
high floatability of waste coal, about 75%, resulted from the sampling method and
lower degree of oxidation of crushed and freshly liberated particles of size range -
0.038 mm. It can be seen from Fig. 2b that alumino-silicates minerals are highly
floatable (about 35 %) at a pH around 9.

It was found that coal-pyrite is not readily floatable at neutral pH, although it
becomes highly floatable at acidic pH. Also, studies have shown that floatability coal
pyrite (CP) have maximum (45%) in strong acid solution. However, at around neutral
pH region, the recoveries of coal-pyrite decrease drastically. Compared with
floatability curves of unoxidized coal-pyrite samples, can be concluded that the waste
coal-pyrite, as results of oxidation process, have better floatability properties. There
may be several reasons for this behavior. It was known that in neutral and alkaline
solutions, the oxidation of coal-pyrite leads to the formation of a hydrated ferric
hydroxide and sulphur, which is normally intermediate product of reaction, before
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formation of sulphate layers on the mineral surface (Liu et al., 1994). Obviously, the
appearance of elemental sulphur, which is believed to be hydrophobic, causes better
coal-pyrite floatability.

All measurement of natural floatability confirmed that maximum floatability of
waste coal and minimum floatability of coal pyrite is achieved at optimal pH 7.5.
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Fig. 2. Effect of pH on zeta potential and floatability of waste samples
a) coal b) associated mineral matters

3.3. The effect of attrition on the zeta potential and floatability

In order to improve floatability of waste coal, the effect of attrition time on the zeta
potential and floatability of waste coal and associated minerals was investigated. All
experiments were performed in attrition machine, under optimal test conditions (speed
1600 rpm, the solid content of 50% and the pH value of 7.5). The results are shown in
Fig. 3.
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Fig. 3. Effect of attrition time on zeta potential and floatability of waste samples
a) coal, b) associated mineral matters

It was found that the surface of coal becomes more positively charged with
increasing attrition time from 1 to 30 minutes (Fig. 5a). It was found that the zeta
potential changes in the range of -14 mV to 1.6 mV, where, after 20 minutes of
attrition, zeta potential is asymptotically approaching 0 mV. Differences in charges
suggest changes on the coal surface as a result of the attrition. Obviously the attrition
process as well as mechanical scrubbing of negatively charged compounds from the
surface of coal leads to the formation of fresh surfaces of coal. Therefore, increasing
floatability by about 10% confirms the absence of surface functional groups as
phenolic and carboxylic oxygen on the surface of coal. From the standpoint of
efficiency of the flotation is a very positive phenomenon.

The change of zeta potential of coal pyrite and alumino-silicates after attrition is
different. Attrition time increases zeta potential of alumino-silicate and decreases zeta
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potential of coal-pyrite minerals. The zeta potential of coal pyrite has a positive value
and under the lab-attrition conditions zeta potential decreased from approximately 5.1
mV at the beginning of the tests to 3.9 mV after 30 minutes, while the same indicator
for the alumino-silicate mineral matter has a negative value and increases from —6.5 to
-3.5 mV. These results clearly indicate that there have been no significant changes on
the surface of associated mineral matters. It is believed that a partial removing of
negative charging of silanal group from the alumino-silicates surfaces by attriton
causes a minimal floatability increase to about 3%. Also, attrition of coal pyrite leads
to a slight decrease of floatability from 22.64 to 19.24%. This phenomenon can be
considered positive.

Based on the results, it can be concluded that attrition time is an important
parameter of attrition process from the point of activating the oxidized coal surface,
and positive change in zeta potential and floatability. Zeta potential approaching 0 mV
can caused displacement of the coal isoelectric point (IEP) to more positive pH values
and increase of floatability.

4. Conclusion

The following conclusions can be drawn from this paper.

1. The results of proximate and ultimate analyses of the raw and waste samples
show increase of ash and oxygen (calculated by difference in relation to 100
%) and reduction of C/H ratio (obtained from ultimate analysis) in the waste
coal, indicating the sensitivity of the coal surface to oxidation (weathering).

2. FTIR analysis of raw and waste coal have shown that on the surface of waste
coal, as a result of oxidation by weathering and storing, there is a formation of
different oxygen functional groups (COOH, S=0, C-O-C), the absence of C-
C=C aromatic compounds and reduction of aromatic and aliphatic C-H
groups.

3. Our research confirms that the pH value is one of the most important
parameters of the process of flotation.

4. The isoelectric point (IEP) of waste coal is about pH 6.5 and similar to the IEP
of raw coal. This value results from a presence of oxygen functional groups on
the surfaces of waste coal as a consequence of oxidation by weathering.

5. Maximum floatability of waste coal, from about 75%, is achieved in the pH
range in which lies the coal IEP. This high floatability confirms partial
oxidation of coal from the dump and the consequence of the lower degree of
oxidation of freshly liberated particle of size range -0.038 mm.

6. The zeta potentials of alumino-silicates and coal pyrite show IEP at pH 5.7
and 8.4, respectively. The position of isoelectric point of alumino-silicates
depends on the concentration of silanol groups which are formed on the
surfaces as a result of oxidation.

7. Also, floatability of coal pyrite have the maximum (45 %) in strongly acidic
(pH = 2) and it is, unlike coal, don’t occurs close to the isoelectric points
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(about 8.4). Such high IEP value can be explained with the presence of ferrous
ions produced by dissolution of coal pyrite in the water.

8. It was stated that the maximal floatability of waste coal and minimum
floatability of coal pyrite, is achieved at optimal pH 7.5.

9. Results showed that attrition can improve floatability of waste coal.

10. Measurements of zeta potential of waste coal, coal pyrite and alumino-silicate
as a function of attrition time, from 1 to 30 minutes, showed that there is a
substantial change in the magnitude of the zeta potential from -15 mV to 0
mV for coal, from -6.5 to -3.5 mV for the alumino-silicate minerals, and from
3.9t0 5.1 mV for coal pyrite.

11. Attrition raises the floatability of waste coal and alumino-silicates minerals to
10% and 3%, respectively and reduced the floatability of coal pyrite to 3%.
From the view point of flotation of waste coal samples, this phenomenon can
be considered positive.

12. Results of all electrochemical and microflotation tests confirm a positive
effect of attrition on the waste coal and also the final effect on coal floatation
process. The valorization of the waste coal with attrition prior flotation
process may cause significant improvement in the economic value of the
process of coal preparation as well as the positive contribution on the
environment protection.
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Abstract. Electrochemical impedance spectroscopy was used to measure the charge transfer
resistance of the reaction: Fe** + e = Fe?* and electrical double layer capacitance on pyrite
electrodes of different origin both freshly polished and conditioned in the solutions of several
surface active substances which may be used as potential inhibitors of the oxidation of pyrite.
The following substances were used for conditioning of the pyrite samples: sodium
dodecylsulfate (SDS), sodium oleate (NaOL), n-octanol (n-OA), dodecyltrimethylammonium
chloride (CTACI), 2-mercaptobenzthiazole (MBT) and bis(2-etylhexyl) phosphate (D2EHP).
The highest degree of adsorption, and the highest increase in the charge transfer resistance was
observed for MBT, NaOL and D2EHP. Those compounds can be used as inhibitors of the
pyrite oxidation.

keywords: pyrite, adsorption, oxidation, corrosion prevention, mineral corrosion

1. Introduction

Since the beginning of the 20" century pyrite passed an unusual transformation
from the fundamental raw material of the chemical industry to the unwanted and
noxious component of the materials processed in mineral industry (Lowson, 1982).
Pyrite is the most abundant sulfide mineral accompanying almost all sulfide and
many non-sulfide minerals (Craig and Vaughan, 1990). Large quantities of pyrite
appear in coal (Twardowska et al., 1978). At the same time pyrite has no application
and in flotation process this mineral is directed to tailings. So, flotation tailings may
contain as much as 60-70% of pyrite. Pyrite oxidizes relatively easily, and contrary to
mono-sulfides, which oxidize to neutral sulfates, pyrite generates sulfuric acid during
its oxidation

2FeS; + 70, + 2H,0 = 2FeSO, + 2H,S0, (1)
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in the quantity of one mole of acid per one mole of pyrite. The amount of acid may be
lower when pyrite iron oxidizes to trivalent oxidation state:

4Fe82 + 1502 + 2H20 = 2F82(804)3 + 2H2804 (2)

On the other hand, when pH of the surrounding aqueous phase increases above
approximately 5.5 ferric sulfate hydrolyses according to the reaction:

Fez(SO4)3 + 6H,0 = ZFG(OH):-} + 3 H,SO, (3)

creating additional amount of sulfuric acid. That sulfuric acid, together with dissolved
trivalent iron are the main components of so-called acid mine drainage, i.e. waters
flowing from worked-out mines, flotation waste deposits and sometimes from natural
rocks containing pyrites (Doyle, 1990; Evangelou, 1995). Neither sulfates nor iron
species belong to important environmental contaminants, however the decrease in pH
of the water flowing through the wastes and soils causes the dissolution of otherwise
insoluble constituents increasing the concentration of metal ions in effluents which
leads to the contamination of the environment and sometimes even to catastrophes of
buildings (Moore and Luoma, 1990). Pyrites appear also frequently as natural
components of soils. Oxidation of those pyrites causes acidification of the soil which
has detrimental influence on plants and causes contamination of the environment
(Osterholm and Astrom, 2004; Astrom and Spiro, 2005; Boman et all., 2008).

Weathering of metal sulfides may be considered as a corrosion process and, like in
the case of the corrosion of metals it may be prevented by the application of inhibitors
(Lipkowski, 1992; Stratmann et al., 1995). Many papers concerning the possible
prevention of pyrite oxidation by application of inhibitors have appeared in the
literature. Huang and Evangelou (1994) and Nyavor and Egiebor (1995) applied
successfully soluble phosphates for that purpose, although Mauric and Lottermoser
(2011) reported that application of phosphates in a larger scale led to only limited
successes. Belzile et al. (1997) showed the applicability of several compounds (humic
acids, lignosulfonates, oxalic acid, sodium silicate and acetyl acetone) in pyrite
oxidation inhibition, the best inhibition was observed for the last compound. Cai et al.
(2005) showed the inhibitive influence of triethylenetetramine on the oxidation of
pyrrhotite. The same was showed by Giiler (2005) in the case of dithiophosphinate.
Jiang et al. (2000) found oleic acid to be effective as an inhibitor of pyrite oxidation
whereas Zhang et al. (2003) and Kargbo et al. (2004) applied successfully lipids for
that purpose. Sasaki et al. (1996) applied several organic substances to suppress pyrite
oxidation with some success. Pyrite leaching occurs usually with the active
participation of bacteria. So, addition of antibacterial agents should depress the
oxidation of pyrite. That problem was investigated by Sand et al. (2007) with a partial
success.

Most of pyrites appearing in nature show good electrical conductivity (Shuey,
1975; Ennaoui, 1993) and aqueous oxidation of pyrite is an electrochemical process
(Holmes and Crundwell; 2000, Rimstidt and Vaughan, 2003), so the electrochemical
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methods have been intensively used in the investigations of pyrite. Furthermore, due
to specific electronic structure of pyrite surface (Bronold et al., 1994; Nesbitt et al.,
2000) charge transfer reactions are facilitated at the surface of pyrite and proceed with
low overpotential (Salvator et al., 1991; Mishra and Osseo-Asare, 1992; Nowak and
Koziol, 2002). Presence of an adsorbed layer on the surface of pyrite should impede
the charge transfer (Lipkowski, 1992). So, measuring the charge transfer resistance of
a correctly selected reaction occurring at the surface of a pyrite electrode should give
the information on the surface coverage. Such method was previously used by one of
the present authors to the investigations of adsorption at the surface of copper sulfides
(Nowak and Gucwa, 2008; Nowak, 2010). The reaction of choice is:

Fe® + e = Fe”". (4)

It is an outer-sphere charge transfer reaction (Asperger, 2003) so its rate should not
depend on the surface properties of the pyrite electrode but it should strongly depend
on the presence of an adsorption layer. The charge transfer resistance for that reaction
in the equimolar solution of trivalent iron and divalent iron sulfates was measured
using electrochemical impedance spectroscopy (EIS) for several pyrite electrodes
conditioned in the solutions of potential inhibitors, and compared to the values
obtained for the freshly prepared electrodes. Additional information was obtained
from the measured specific capacitance of the electrodes.

2. Experimental
2.1. Background of the measurements

The abstraction of a surface active substance from the solution by a sulfide
minerals does not necessarily prove that the substance is adsorbed at the surface.
There are other processes, like surface precipitation or surfactant decomposition that
may lead to the decrease of the concentration without formation of an adsorbed layer.
In the case of metallic electrodes adsorption may be conveniently estimated from the
measurements of the electrical double layer (EDL) capacitance using the formula:

g “=C 5)
CO _Cmax

In that formula C means capacitance of the electrode measured at the coverage 6,
Cmax Mmeans the electrode capacitance at full coverage and C, means the capacitance of
the electrode not covered by the adsorbate. For such electrodes like pyrite electrode
Cmax is difficult to be measured. However for the Cpu<< Cq (which is usually the
case) surface coverage may be roughly estimated from the formula:

QECO Czl—g. (6)
C0 CO

Application of that formula is possible only if the capacitance of EDL on the solid

body side of the interface is much higher than the capacitance of EDL on the solution
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side. It will be later showed that this condition is fulfilled in the case of pyrite
electrodes. Surface coverage may be also estimated from the measurements of the
charge transfer resistance of a conveniently selected electrode reaction. When a part of
the electrode surface is covered by the layer of adsorbed molecules the charge transfer
resistance may be calculated from the formula:

Tt 0
R, Rr  R;
where Ry is the charge transfer resistance at the coverage 6, R is the charge transfer
resistance at the zero coverage and Ry™ is the charge transfer resistance at the full
coverage. The latter is difficult to measure but, if R{"™>> R;° formula (7) may be
simplified to:

0
p=1-" | ®)

Although approximate, the formulas (6) and (8) may be used for the sake of
comparison between different electrodes and/or different adsorbates.

2.2. Apparatuses, procedures and materials

Five electrodes from pyrites of different origin were used in the measurements (see
Table 1). The type of their conductivity was inferred from the thermoelectric force
measurements. Pieces of pyrite were hand selected and embedded with epoxy resin at
the end of a glass tubing. Electrical connection to the pyrite surface was made with the
conducting silver-based glue. Electrodes were polished on emery papers (Struers) of
the gradation: 500, 1000, 2400, and finely, 4000 before the measurements. Polishing
was performed very gently to avoid heating of the electrode surface (Libowitzky,
1993). After polishing the electrode was dipped in the solution of the selected surface
active compound for half an hour, thoroughly washed with distilled water and
introduced to the cell. The following compounds were tested as possible pyrite
oxidation inhibitors: sodium dodecylsulfate (SDS), sodium oleate (NaOL), n-octanol
(n-OA), dodecyltrimethyl ammonium chloride (CTACI), 2-mercaptobenzthiazole
(MBT) and bis(2-etylhexyl) phosphate (D2EHP). All compound used were of
analytical reagent purity grade. In all cases the concentration of the solution was 10™
mol dm™. Charge transfer resistance of the reaction (4) was measured in the solution
containing: 0.5 mol dm™ Na,SO,, 0.01 mol dm™ H,SO,, 0.1 mol dm® FeSO, and 0.05
mol dm™ Fe,(SO,);. For the sake of comparison the non-treated electrodes were
measured too. Measurements were performed in a typical glass cell, in a three
electrode configuration, with saturated calomel electrode as the reference electrode
and platinum wire as a counter electrode. All measurements were performed at the
temperature of 25°C. Doubly distilled water was used to prepare the solutions.
Solutions were purged from oxygen by bubbling with 99.999% argon (Linde) before
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the electrochemical measurements. XPS instrumentation was described in our
previous paper (Nowak et al., 2000).

The impedance spectra were measured in the frequency range of 65535 - 0.125 Hz
at the rest potential of the electrode. The measuring system composed of an ECI 1286
potentiostat and a FRA 1250 frequency response analyzer (both Schlumberger —
Solartron, Great Britain) was used in the measurements. Charge transfer resistance and
the capacitance of the electrical double layer (Cep.) were then calculated from
impedance spectra by fitting the proper equivalent electrical circuit (EEC) to the EIS
data using the MINUIT program (James and Roos, 1975). More information on the
data treatment may be found in our previous paper (Nowak et al., 2000).

Table 1. Origin and conductivity type of the pyrite electrodes used in the measurements

Electrode description Pyrite origin Conductivity type
EB Elbe, Italy p
RT Rio Tinto, Spain n
UR Ural Mountains, Russia p
HU Huenzala, Peru n
HA Halemba Mine, Poland p

3. Results and discussion
3.1. Impedance of the pyrite electrodes in the Fe?* - Fe** equimolar solution

The rest potential of pyrite electrodes in the equimolar solution containing Fe?* and
Fe** ions of the concentration 0.1 mol-dm™was many hours stable and equal to the rest
potential of a Pt electrode in the same solution, which means that the process
occurring at the surface of a pyrite electrode (reaction 4) is well reversible. Figure 1
shows the impedance spectrum of one of the pyrite electrodes in that solution. The
impedance plot has the shape of a depressed semicircle in accordance with the
assumed EEC. Table 2 shows the results of the measurements performed on freshly
polished electrodes which were not conditioned.

For the first three electrodes Rg was almost the same and rather low. It means that
the value of Rs was dominated by the resistance of the solution. Both HU and HA
showed much higher resistance, which may be ascribed to the low conductivity of the
pyrite samples. For all investigated electrodes (except HA) Ry had the value between
13 and 21 Q cm? despite different origin and type of conductivity. The differences
may arise from the differences in surface roughness factor. Platinum electrode in the
same solution showed similar impedance spectrum and Ry value of 14 Q cm? very
close to pyrite electrodes. It means that the exchange current density of reaction 4 at
the pyrite electrode surface is very high. So, there is no obstruction to charge transfer
at the pyrite surface, in accordance to the theoretical expectations (Bronold et al.,
1994; Nesbitt et al., 2000; Salvator et al., 1991; Mishra and Osseo-Asare, 1992).

All electrodes (except HA) showed also similar EDL capacitance. Electrode made
of Halemba pyrite showed not only much higher Rs but both also much higher Ry as
well as much lower Cgp. That electrode was not considered in adsorption
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experiments. Worth mentioning is the high value of EDL capacitance of pyrite
electrodes. That value is about twice as much as the electrical double layer capacitance
measured in the case of non-stoichiometric copper (1) sulfide electrode and much
higher than Cgp. measured in the case of metallic Ni electrode (Nowak et all., 2000).
That high electrical double layer capacitance may be ascribed to the presence of
surface iron (I11) hydroxide on the surface of pyrite (Bungs and Tributsch, 1997). That
problem will be discussed in our future paper.
Table 2. Parameters of the EEC from Fig. 1 fitted to the impedance data for freshly polished electrodes.

Rs - solution resistance, Ry -charge transfer resistance, Cgp_ — capacitance of the electrical double layer.
Each value is a mean from at least 5 measurements

Electrode Rs/ Qcm? Ry /Qcm® Cepu /uF cm™
EB 7.1£13 14.9+3.5 125422
RT 8.0£0.5 18.6+6.5 97.8+13
UR 10.1£0.5 13.2+2 101.1£11
HU 86.2+6 21.245.5 84.4+14
HA 248.0+15.5 50.3+12 9.4+3
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Fig. 1. Impedance spectra (Nyquist plots) of the RT electrode in the solution containing 0.5 mol dm
Na,SO,, 0.01 mol dm™ H,SO,, 0.1 mol dm™ FeSO, and 0.05 mol dm™ Fe,(SO.); at the rest potential. x
— freshly polished electrode, + - the same electrode after 30 minutes of conditioning in 10 mol dm™
D2EHP solution , o — least-square fitted values of impedance according to the EEC from figure. Rg is the
resistance of the solution, pyrite sample and the electrical connections, Ry is the charge transfer
resistance, Cgp, is the capacitance of the electrical double layer and W is the impedance of the diffusion
process (Warburg impedance)

3.2. Influence of the treatment in inhibitor solutions on the electrode impedance

Figure 1 shows the impedance spectrum of one of the pyrite electrodes after the
treatment in D2EHP solution. One may see that conditioning in the D2EHP solution
did not change the shape of the spectrum but only the diameter of the semicircle which
means that the mechanism of the electrode reaction did not change. In the case
presented in Fig.1 Ry increased more than twice. Significant decrease in the Cep, was
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observed too. Similar behavior was observed in the case of other investigated
compounds and other electrodes. The coverage of the electrode by adsorbed layer was
estimated both from formula (6) and formula (8). Those data are showed in Figs 2. It
must be stated that due to the simplifications made at the derivation of the mentioned
formulas those data are very approximate and may be considered only for the sake of
comparison. One may see that all four considered electrodes showed similar behavior.
The highest decrease in the capacitance and the highest increase in charge transfer
resistance was observed in the case of MBT.
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Fig. 2. Surface coverage of pyrite electrodes after 30 min of conditioning in different surfactants,
estimated from impedance measurements: left from charge transfer resistance data (formula 8),
right from electrical double layer capacitance data (formula 6)

Both D2EHP and NaOL showed similar (but slightly lower than MBT) value of
coverage. Note that during the conditioning in a surfactant solution not only
adsorption but also oxidation of the surface may occur. The lower is the adsorption
the highest oxidation may be expected. Oxidation of pyrite in the mild conditions may
lead to appearance of elemental sulfur at the surface and hence to passivation. That
effect would obscure the dependence of coverage on adsorption. There are some
differences between the electrodes. Those differences reflects probably the differences
in surface properties of the pyrite sample. Note, that the biggest differences were
obtained for the case of n-octanol which is expected not to adsorb strongly. Oxidation
rate depends on the surface properties of the sulfide (impurities, structure faults, non-
stoichiometry) and, contrary to charge transfer resistance of the reaction (4), may
change from sample to sample. An example of such differences may be seen in Fig. 3,
where the degree of oxidation of three different pyrites, after 4 days in air is compared
from the XPS data. As can be seen, the differences in the degree of oxidation,
expressed as the intensity of the XPS band which may be ascribed to oxidized iron
(Fe*") and oxidized sulfur (SO4*) are very high. Very high differences between pyrites
of different origin in the corrosion rate was observed by Chmielewski and Nowak
(1992).
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Fig. 3. XPS spectra of three different pyrites: HU, RT and coal pyrite from the Jastrzebie coal mine in
Poland (CPJ) after 4 days of the oxidation in air. Surface of the samples was scraped with a steal blade
before oxidation

4. Conclusions

Impedance measurements may be conveniently used for the estimation of the
adsorption of surfactants at the surface of pyrite. The charge transfer resistance for the
reaction Fe®" + e = Fe?* as well as the electrical double layer capacitance (measured in
the same measurement) do not depend on the origin of pyrite sample (providing that
the resistivity of the pyrite sample is low), so this values may give the information on
the degree of surface coverage. The highest adsorption was observed for 2-
mercaptobenzothiazole, slightly lower, but still high for sodium oleate and bis(2-
etylhexyl) phosphate. Those compounds might be used as the inhibitors to suppress
the oxidation of pyrite. Note, that during hydrothermal oxidation of metal sulfides in
nature the oxidizing agent is usually Fe* jon. So one of the conjugate reactions which
participate in the process of the corrosion of a metal sulfide is just the above
mentioned reaction. Surface of pyrite in the solutions containing Fe** ions is covered
by the surface iron(ll1) hydroxide, which may be inferred from the high value of
electrical double layer capacitance.
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Abstract. This paper presents a theoretical analysis of the potential capacity enhancement that
can be obtained by employing collective particle ejection (CPE) in automated sensor-based
sorting circuits when sorting asymmetric feeds. During CPE sorting particles are examined and
categorised individually, but physically separated as a set containing several particles. A CPE
sorter must be placed in serial connection with a subsequent conventional individual particle
ejection sorter (i.e. an IPE sorter) in order to achieve complete separation of individual
particles, thus creating a CPE:IPE circuit. The relative capacity of this circuit per unit
investment cost, compared with a conventional sorting circuit, depends on the relative
concentration of the particle categories in the feed and decreases as the particle distribution
becomes more symmetrical. As demonstrated in this paper, CPE can yield a significant
capacity enhancement per unit investment cost when sorting sufficiently asymmetric feeds in
situations where the capacity of conventional IPE sorting is limited by the actual physical
separation of the particles and not their presentation and examination or the data analysis. The
relative processing period ratio is the key parameter governing the feasibility of the CPE:IPE
circuit and must be determined as a function of set size.

keywords: sensor-based sorting, ore sorting; pre-sorting, pre-concentration, sorting algorithms

1. Introduction

In spite of its long history, the revolution in computer technology and the
development of fast, accurate and advanced sensors along the entire electromagnetic
spectrum, automated sensor-based sorting has still to reach its full potential in the
minerals industry. Reviews of sorting technology and the future prospects of modern
ore sorters have been compiled and analysed by a number of investigators over the last
three decades, including Wyman (1985), Salter and Wyatt (1991), Arvidson (2002),
Cutmore and Eberhardt (2002), Manouchehri (2003) and Wotruba and Harbeck
(2010). Salter and Wyatt (1991) give a comprehensive overview of the perceived
limits to the industrial application of ore sorting and discuss their relevance and
accuracy. The process related challenges aside, low capacity per unit investment cost
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is perhaps, justly or unjustly, the most frequently used argument against the
implementation of ore sorting.

Automated sensor-based sorting can be divided into four sub-processes comprising
presentation, examination (i.e. measurement of particle properties), data analysis and
physical separation. Even though all four sub-processes must be integrated to form an
optimal sorting solution, and each could act as the limiting factor with respect to
capacity and separation efficiency, most attention by far has been given to the
examination step and the development and application of new sensors. A vast range of
sophisticated measuring principles have been suggested in addition to the basic
photometric or optical techniques using colour scanners or cameras. In their 1991
review of sorting technology Salter and Wyatt listed the following possible
examination principles: Raman spectroscopy, FTIR, laser and glow discharge
spectroscopy, scanning electron microscopy, Auger, SIMS, XPS, x-ray diffraction and
fluorescence, gas and ion chromatography, mass spectroscopy, thermal analysis,
inductively coupled plasma and atomic adsorption spectrometry, neutron activation
analysis, radon and radioactivity measurements, particle size analysis and various
electrochemical techniques. Since the early 1990s the feasibility of more and more of
the techniques on this list have changed from theoretical to practical and still more
techniques have been added (Wotruba and Harbeck, 2010). However, the practical
application of ore sorting in the mineral industry is still dominated by photometry or
the use of natural radiation sensors.

Considering the last few decades’ exponential growth in data processing power and
the continuing development of sensors with higher and higher acquisition speeds, the
number of potential applications where the actual mechanical separation of the
individual particles will represent the capacity limiting step is likely to increase.
Obviously, more attention should be devoted to the development of low cost, highly
efficient ejection systems. However, shifting the rate limiting step from examination
to separation should also spur a closer evaluation and analysis of the fundamental
algorithms on which the sorting process is based. As will be shown in this paper the
concept of collective particle ejection of individually examined particles could offer a
significant increase in capacity per unit investment cost when processing sufficiently
asymmetric feeds (i.e. feeds dominated by one category of particles). Alternatively,
the potential capacity enhancement could allow for a slower but cheaper separation
solution (in terms of both investment and operating costs).

The concept proposed in this paper has limited applicability as it is by its own
nature restricted by the composition of the feed and would require modified technical
solutions for particle presentation and separation. However, given a case where these
conditions are satisfied, the increase in capacity per unit investment cost could be
economically significant and would as such contribute to extending ore sorting to new
applications. With this in mind, the scope of this paper is to demonstrate the concept’s
potential by investigating the relative capacity enhancement per unit investment cost
(i.e. relative to a conventional sorting circuit) rather than its technical implementation.
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2. Concept outline

The sorting concept described in this paper is, for lack of a better phrase, referred
to as collective particle ejection sorting (i.e. CPE sorting). The working principles of a
CPE sorter are identical to those of a conventional sorter up until the actual separation
step except for the fact that the particles are presented in discrete sets (i.e. a limited
number of closely spaced particles). The particles are still being examined and
categorised according to the separation criterion as individual entities. During the
separation step each set is rejected or accepted as a single unit based on its
composition of categorised particles. The particle sets are defined by their set size s, a
parameter that simply describes the number of particles in the collection.
Consequently, conventional sorting, hereby referred to as individual particle ejection
sorting (i.e. IPE sorting), can be regarded as a special case of CPE sorting with a set
size of 1.

Since a CPE sorter separates particle sets rather than individual particles it must be
combined with a subsequent IPE sorter in order to achieve complete separation. When
the sorting criterion defines two particle categories and the CPE sorter is able to
produce two different products, particle sets consisting exclusively of particles
belonging to the predominant category would report to one product, while sets
containing both particle categories would report to another. As illustrated in Fig. 1, the
latter product would then be processed by a conventional IPE sorter. It is important to
note that the particles subjected to CPE sorting are still identified and categorised on
an individual basis according to the same preset sorting criterion used for the IPE
sorting. Hence, despite the fact that the particles are not physically separated on an
individual basis, CPE sorting is fundamentally different from bulk sorting where the
evaluation is based on parameters (particle averages) describing the set as a whole.
Bulk sorting offers simpler ore handling and higher throughput, but has the
disadvantage of less discrimination in ore selection.

As will be shown in this paper, the concept of CPE pre-sorting illustrated in Fig. 1
could offer enhanced overall capacity per unit investment cost provided that the
following conditions are satisfied:

— The capacity of the IPE sorter is limited by the rate of physical separation (i.e.
particle ejection) rather than particle presentation, examination and data analysis.

— The feed is sufficiently asymmetric, i.e. it is dominated by one type of particle.

In order to utilise CPE the feed particles should be presented in sets with sufficient
distance on the separator belt between each set to allow effective separation. As
opposed to IPE where such a distance is required between each individual particle
CPE only requires sufficient spacing between the particles in the same set to correctly
identify and categorise them as individual particles. Hence, if the first condition is
satisfied, the CPE sorter would be able to process a higher number of particles per unit
time than the IPE sorter due to a shorter average inter-particle distance of the feed.

The second condition is a result of the fact that the gain in capacity obtained from
utilising a CPE pre-sorting step decreases as the feed becomes more symmetric. When
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processing a near symmetric feed the majority of the particle sets will contain both
particle categories and will as such have to be processed by the IPE sorter anyway (as
shown in Eqg. 1). Moving towards more symmetric feeds a point will be reached where
the marginal capacity gain obtained by CPE pre-sorting fails to justify the investment.

Feed
l CPE 03
——> Nopea
SORTER
S | ol
IPE
©  ©

* bpeA SORTER N
o hottype A

All type A

Fig. 1. The serial CPE:IPE circuit processing a feed dominated by ‘not type A’ particles

When assessing the capacity per unit investment cost of the proposed CPE:IPE
circuit it could, as a starting point, be compared to a circuit consisting of two parallel
IPE sorters. It is reasonable to assume that these two alternatives would represent
roughly similar investment costs as they rely on the same number of sensors, data
processing units and physical presentation and separation systems. However, the
CPE:IPE circuit holds a potential for further capacity enhancement per unit investment
cost if the information obtained during the pre-sorting step can be utilised by the
subsequent IPE sorter. If the order of the particles that have been categorised by the
CPE sorter can be preserved until they are fed to the IPE sorter, the latter sorting step
simply becomes a matter of identifying the position of the already categorised
particles prior to the physical separation. This would require some engineering with
respect to the ejection system of the CPE sorter, but it would allow for the use of a
very simple (i.e. inexpensive) optical sensor during the subsequent IPE step.
Alternatively, the CPE sorter could ‘tag’ the particles (e.g. by using an ink jet) thus
eliminating the need to keep the particle order undisturbed. When the sorting criterion
relies on the use of expensive advanced sensors, either option would reduce the
investment cost by limiting the need for these sensors to the pre-sorting step alone.
Hence, in the extreme (and unlikely) case where the cost of the advanced sensors
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completely dominates the investment costs the capacity of the proposed CPE:IPE
circuit should be compared to that of a single IPE sorter.

3. Mathematical modelling and analysis

3.1. Derivation of relative capacity

Consider the CPE:IPE circuit shown in Fig. 1, where a CPE sorter with a fixed set
size s operates in serial connection with a subsequent IPE sorter. Assume that the
individual particles of the original feed can be classified according to a preset
definition as either 'type A' or 'not type A'. Let X represent the number fraction (i.e. the
concentration) of ‘type A' particles in the feed to the CPE sorter and assume further
that ‘type A’ defines the minority category. According to this definition x is always
smaller than or equal to 0.5. The fraction of the total feed that still needs to be
processed by the IPE sorter is then given by:

a=1-(1-x) . (1)

This is easily derived from the fundamental laws of probability, as the fraction a is
equal to the relative number of selections that only contain ‘not type A’ particles.

Assume that the CPE sorter is fed at a constant feed rate. Let t, represent the
processing period for a single set of size s processed by the CPE sorter. The
processing period can be defined as the average time interval between the separations
of two consecutive sets. Hence, the inverse of this value represents the total number of
sets processed per time unit. Correspondingly, let t; represent the IPE sorter
processing period for a single particle (i.e. the processing period for a set of size
s =1). Since the sorter is fed at a constant rate both t; and t; can be assumed to be
constants.

The two sorters operate in a serial connection and either could in theory act as the
capacity limiting step. As the IPE sorter only has to process the fraction o of the
original feed (i.e. the feed entering the CPE sorter) it follows that the overall capacity
of the circuit is limited by the capacity of the IPE sorter only when:

ot > t—s (2)
S
As shown by Eqg. (1), this condition is also a function of x. Consequently, by

combining Egs. (1) and (2), the IPE sorter represents the capacity limiting step when:

1
x>1—(s_ﬂJi 3)
S
where B, the relative processing period ratio, is defined as:
t
p==. @
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Hence, the concentration of 'type A' particles in the original feed that will produce
capacity equilibrium between the two sorting steps is given by:

X =1—[‘°'_ﬂjs. ®)

S

The overall capacity of the CPE:IPE circuit, in terms of the number of original feed
particles processed per unit time, can then be expressed as:

Cpe-1pe =5 ,  when x<xg, (6.a)
Cepepe =—— » When x> x;. (6.b)
: o,
In comparison, the overall capacity of a single IPE is simply given by:
1
Cpe = - ()
t1

To facilitate easy comparison, the relative capacity per unit investment cost of the
proposed CPE:IPE circuit can be defined as:

— C:CF’E:IF’E 8

= ~erepe (®)
7 -Coee

Here, the factor y determines the basis of comparison in terms of the number of IPE

sorters that could be purchased for the same investment cost. As explained in chapter

2, the value of v could vary between 1 and 2 (2 being a far more likely value and 1

being the ‘theoretical limit”). Combining Egs. (1), (6), (7) and (8) will then yield:

&

g=i , when x < xg, (9.2)
V72
1
g=———, When x>X.. (9.b)
y—r(1-x)

The proposed CPE:IPE circuit will represent an improvement in overall capacity
when € >1. When x > Xg the function g(x) is continuously decreasing (see Eq. (9b)).
When x < xg the relative capacity is not a function of concentration (see Eqg. (9a)) and
€ is at its maximum. It is also clear from Eq. (9.a) that € > 1 implies that s > yp. Hence,
as long as the latter condition is satisfied, X, given by Eq. (10) represents the critical
concentration of ‘type A’ particles in the original feed (i.e. the upper concentration
limit) with respect to the useful applicability of the CPE:IPE circuit.
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Xc =1—[7;1j5, when s> yf. (10)

When x > xc, the feed is too symmetric to benefit from CPE pre-sorting.

3.2. Exploring relative capacity

As shown is section 3.1, the relative capacity of the CPE:IPE circuit is easily
determined once the set size s and the relative processing period ratio B is given. As a
starting point, the value of B could be assumed to be close to 1 since the processing
periods are largely governed by the response and return time of the ejection system
and not the number of particles that are ejected during each separation. However,
depending on the engineering solution, larger sets could require higher values for p.
Fig. 2 presents the relative capacity of the CPE:IPE circuit per unit investment cost as
a function of x for different values of s at f = 1 and y = 2, whereas Fig 3 exemplifies
how the relative capacity depends on the value of B for a fixed set size s =4. In
practice, the exact relationship between s and B should be determined for the actual
sorter in question.

Figures 2 and 3 demonstrate the relative capacity’s strong dependency on
concentration when the latter grows larger than xg. The maximum capacity for a given
set size is achieved in the concentration range where the CPE sorter is the capacity
limiting step (i.e. Xx<xg). In this region the relative capacity is independent of
concentration. From a practical point of view, it is necessary to determine the optimal
set size for a given concentration. As can be seen from Fig. 2, the concentration
variable can be divided into discrete intervals; each with their own optimal value of s.
Equating Eq. (9.a) using a set size of s — 1 with Eq. (9.b) with a set size of s will yield
the following upper concentration limit for s as the optimal set size:

1
X, =1- w ) _ (11)
(s-1)
The corresponding lower limit x,_ is easily found since x,(s) = xy(s + 1):
1
xL:1—(S_ﬁjS“. (12)
S

Table 1 summarises the information found in Fig. 2 by presenting the characteristic
concentrations Xg, X¢, Xy and x_ and the maximum relative capacity &(xg) as a function
of set size for p = land y = 2.

Note that Xg, Xy and X, are independent of y but depends on B, whereas xc is
independent of B (provided that s >y so that xc is defined), but depend on y. The
maximum relative capacity (i.e. &(xg)) at a given set size is simply proportional to
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1/yB. Hence, as shown in Fig. 3, halving the value of y from the default value of 2
would double the relative capacity of the circuit.

Table 1. Characteristic concentration and maximum relative capacity for f =1 and y=2.

S 2 3 4 5 6
Xe 0.293 0.126 0.069 0.044 0.030
Xc 0.293 0.206 0.159 0.129 0.109
Xy - 0.206 0.096 0.056 0.037
XL 0.206 0.096 0.056 0.037 0.026
&(Xg) 1 15 2 25 3
3.5
p=1
y=2

¢ (relative capacity)

1.0 -

T T T
0 0.05 0.10 0.15 0.20 0.25

X (concentration of 'type A’ particles)

Fig. 2. Relative capacity as a function of x and s at p =1 and y=2. The characteristic concentrations xg, X,
Xy and x_ (see Egs. 5, 10, 11 and 12, respectively) are shown for s = 4.
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~
—
4 — ~—
=2 |
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X (concentration of 'type A' particles)

Fig. 3. Relative capacity as a function of x and f at s=4
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3.3. Theoretical limitations and practical applications

The useful applicability of the CPE:IPE concept is limited by its underlying
premise; i.e. that the capacity is not limited by presentation, examination or data
analysis, but by the actual physical separation of the particles. In other words, the
average amount of time required to correctly categorise a single particle and relay the
information to the ejector system must be lower than the processing period ts divided
by the set size s. In practice, the function ty(s) (and consequently B(s)) will very
effectively limit the value of s and the potential gain in relative capacity. However,
even s=3 would yield a significant gain provided that the feed is sufficiently
asymmetric and P is not too large. Using this set size the maximum capacity increase
of 50% at p=1 is attainable up to x =0.126, whereas [ =1.25 offers a maximum
increase of 20% up to 0.164.

The practical feasibility of the CPE sorting concept hinges on the relative
processing period  which is a function of the technical solutions on which the sorter’s
ejection system is based. As argued earlier in this paper, small set sizes could offer t;
values close to that of t;, thus yielding a B close to unity. This is likely to be the case
for the sorting of coarse particles where mechanical ejector systems (e.g. mechanical
flaps) are used rather than air nozzles to achieve physical separation. Mechanical
ejector systems require less energy during operation, but are slower than air nozzles
and are replaced by the latter when the feed particle size becomes too small for the
mechanical systems to handle efficiently. This offers an alternative scope for the
proposed CPE sorting concept as it could equally well be used to extend the useful
size range of mechanical flaps by trading the potential capacity enhancement for lower
energy costs during operation as well as reduced investment costs.

As stated in the introduction and emphasised further in chapter 2 the proposed
CPE:IPE circuit would require modified technical solutions for particle presentation
and separation. A variety of different implementations would be possible and cost-
efficient elements could probably be adapted from packing and sorting machines
utilised in the food Industry. However, discussing the design and construction of such
systems are beyond the scope of this paper.

4. Conclusions

The following conclusions can be drawn from the theoretical analysis comparing
the concept of collective particle ejection sorting (i.e. CPE sorting) of particle sets
containing several particles with conventional individual particle ejection sorting (i.e.
IPE sorting):

— CPE can yield a significant capacity enhancement per unit investment cost when
sorting sufficiently asymmetric feeds in situations where the capacity of
conventional IPE sorting is limited by the actual physical separation of the particles
and not their presentation and examination or the data analysis.
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— A CPE sorter must be placed in serial connection with a subsequent IPE sorter in
order to achieve complete separation of individual particles. For a given set size, as
long as the relative concentration of particles belonging to the minority category is
sufficiently low the capacity of this circuit (i.e. the CPE:IPE circuit) is limited by
the CPE step. When this is the case the capacity is at its maximum level and does
not depend upon the concentration.

— The relative processing period ratio is the key parameter governing the feasibility
of the CPE:IPE circuit and must be determined as a function of set size.

— The relative capacity per unit investment cost of the CPE:IPE circuit can be further
enhanced if the information obtained during the CPE step can be utilised by the
subsequent IPE step, thus omitting the need for a dual set of advanced sensors.

— CPE can be used to extend the useful size range of mechanical flaps by trading the
potential capacity enhancement for lower energy costs during operation.
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Abstract. Depression of pyrite is very important in sulphide ore flotation. This paper
investigates the role of non-toxic depressants on the flotation of pyrite. Starch and meta
bisulphite were used as a depressant for pure pyrite sample and a pyritic copper ore at two
different pHs values. pH was 6.5 and 10 in pure pyrite study while it was 6.9 and 12 in pyritic
ore study. This study showed that metabisulphite is more effective at pH 6.5 or 6.9 than pH 10
or 12, while starch is more effective at pH 12. Also, higher dosages of meta bisulphite are
required for depression of pyrite. Pure pyrite and pyritic copper ore study gave similar results.

keywords: flotation, pyrite, depressant, starch, metabisulphite

1. Introduction

Chalcopyrite is often associated with pyrite and economical extraction of copper
demands selective depression of pyrite from chalcopyrite. Conventionally sodium
cyanide is used as a depressant in alkaline conditions for the selective depression of
pyrite from chalcopyrite during the froth flotation process, leading to potentially
disastrous environmental consequences (Ball and Rickards, 1976). Therefore,
development of alternate reagents, concerning environment, have been interested in
for researchers. Polysaccaharide based reagents have been utilized in the mineral
industry, principally as a depressant for a variety of minerals. These organic polymers
are not only nontoxic but are also biodegradable and relatively inexpensive (Rath et
al., 1991).

Pioneering contributions have been made by Laskowski et al. (1991, 2007),
Laskowski and Liu (1999a, 1999b), Liu et al. (2000) and by Lopez et al. (2004) with
respect to interaction of dextrin with several sulfides and oxides. These studies
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revealed that unmodified natural polysaccharides, such as dextrin, starch or guar gum,
adsorbed on mineral surfaces through interactions with metal-hydroxylated species on
the mineral surface. The direct consequence of the interaction of natural
polysaccharides with metal-hydroxylated species and thus the adsorption is strongly
dependent on pH.

Sulphur-oxy depressants are added to the flotation pulp in the form of sulphite
(SO5%), bisulphite (HSO3), meta bisulphite (S,0s%) or sulphur dioxide (SO,) for
depression of pyrite, sphalerite and galena (Grano et al., 1997a, 1997b; Khemeleva et
al., 2003, 2005, 2006; Shen et al., 2001; Chander and Khan, 2000). In general,
mechanisms governing sulphide mineral flotation behavior by sulphur-oxy species can
be grouped according to those that involve interaction of sulphite with collector
(xanthate), either in solution or its adsorbed state (Grano et al., 1997).

Shen et al. (2001) studied the effect of sodium sulphite on the flotation of
sphalerite and pyrite in the presence of copper ions and they reported that sulphite
promoted the formation of copper hydroxide on the surface of pyrite leading
depression. Yamamoto (1980) proposed that sulphite ions depressed pyrite by
desorbing xanthate species from the surface.

Although the use of metabisulphite for the depression of sulphide minerals is rather
limited, Giil (2007) and Giil et al. (2008) used non-toxic reagents such as sodium
metabisulphate, coustic starch, zinc sulphate and activated carbon instead of highly
toxic reagents potassium bichromate and sodium cyanide that successfully depressed
pyrite and separation of chalcopyrite, galena and sphalerite have been achieved.

In this comparative study, starch and metabisulphite are used as an alternative and
non-toxic depressant for the depression of pure pyrite. Then pyritic copper ore was
used to compare the results with pure pyrite sample.

2. Experimental
2.1. Material

In this study pure a pyrite sample for fundamental studies and pyritic copper ore to
prove fundamental studies in real situation were used. Pure pyrite sample was
obtained from Murgul-Artvin in the northeast of Turkey. The sample was upgraded by
hand picking and purified using some mineral processing methods such as jigging.
Chemical analyses of pure pyrite and ore samples are given in Table 1. Analyses
proved that the pyrite sample contained 97% pyrite, 1-2% chalcopyrite and 1-2%
quartz. Chemical analyses and XRD results indicated that the pyrite sample is highly
pure. Pyritic copper ore sample was taken from Siirt-Madenkéy Copper Mine in
South-East of Turkey. According to the mineralogical analyses, the ore sample
contains chalcopyrite (CuFeS,), sphalerite (ZnS), pyrite (FeS,), galena (PbS), hematite
(Fe;03), limonite (FeO(OH).nH,0), calcite (CaCOs) and quartz (SiO,) (Ceylan, 2009
and Ceylan and Bulut, 2010). Figure 1 shows the above minerals growth in the ore.
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Mineralogical study also showed that about 50% of ore is formed by pyrite, as a major
mineral in the ore.

Table 1. Chemical analyses of the samples

Compound Pure Pyrite Sample % Pyritic Copper Ore Sample
%

Fe 4243 27.65
S 49.40 27.22
Pb 0.025 0.13
Zn 0.005 0.43
Cu 0.056 1.60
Sio, 0.595 20.35

=1 i;‘/_‘_{“""_ | Jﬁ Sl L
Fig. 1. Growth of minerals in the pyritic copper ore: chalcopyrite (kp) and sphalerite (sf) phases locked
with cataclastic pyrite (pi) structure

2.2. Method

Experimental studies have been carried out with Denver flotation machines using
40 g of -100 um pure pyrite in one dm® cell for pure pyrite study and 1 kg of
approximately 53 um ore sample in 2.5 liter cell for pyritic copper ore study. An agate
mortar and pestle was used for grinding the pure pyrite sample while ore sample was
ground with a ball mill prior to each test. In these experiments the effects of
depressant type and dosages at two different pHs for flotation behavior of pyrite were
investigated. The flotation flow-sheet with copper ore is given in Figure 2. Three
stages cleaning were applied after obtaining a rougher-copper concentrate. Pyrite was
removed with gangue minerals as tailings (Ceylan, 2009). In the rougher stage,
reagents were added in three stages and 5 minutes flotation time was given for all the
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stages. Therefore flotation time was totally 15 minutes in the rougher stage. In the
cleaning stages, 8 minutes, 6 minutes and 4 minutes flotation times were given for the
first, the second and the third stages respectively.

Aerophine 3418 A, which is a P-based sulphide collector and belongs to dialkyl
dithiophosphinate group, was used as a collector in the flotation of pyrite. Sodium
meta bisulphite (Na,S,0s) and caustified starch were used as depressants. Methyl iso-
butyl carbinol (MIBC) was used as a frother, and lime and H,SO, were used as pH
regulators.

Grinding

A 4

| Rougher Flotation | :I Rougher Concentrate |
Tailing with v
Pyrite | Cleaning | |—| Middlings 111 |

v

| Cleaning Il |—| Middlings Il |
v

| Cleaning Il |—| Middlings | |
v

Chalcopyrite Concentrate

Fig. 2. The flow-sheet of ore flotation tests

3. Results and discussion
3.1. Pure pyrite study
3.1.1. Effect of starch

Starch was employed as a depressant on pyrite flotation at dosages between 1.7 and
17 mg/dm? at two different pHs; 6.5 (natural pH of sample) and 10. Aerophine 3418 A
was used at 40 mg/dm?® dosages and MIBC was used at 10 mg/ dm?® dosages. Collector
dosages, frother dosages and conditioning time (3 min.) and flotation time (5 min.)
were kept constant. The experimental results are given in Figure 3. This figure shows
that flotation recovery decreased from 43.5 to 10.4% at pH 10 and it decreased from
74.9 t0 59.2 % at pH 6.5. This shows that starch was more effective at pH 10 than pH
6.5. Although maximum depression was obtained with 1.7 mg/dm? starch at pH 6.5,
increasing the starch dosages did not effect the pyrite flotation. In case of pH 10, again
maximum depression occurred at 1.7 mg/dm?® starch then increasing starch amount
slightly depressed the pyrite. This shows that at low pH about 10% depression
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occurred with 1.7 mg/ dm®, while 21% depression occurred with the same dosages of
starch at pH 6.5 where pyrite flotation is expected to be weak at pH 10. This can be
explained as because starch adsorbed on mineral surface through the interaction with
metal-hydroxylated species on the pyrite. So that increasing the pH caused the metal
hydroxylated species on the pyrite and the adsorption of the starch occurred and more
depression is occurred (Laskowski et al., 1991). Also organic reagents such as starch
do not ionize in solution but form colloidal particles in the pulp which can be
deposited on the mineral surfaces, preventing flotation in a similar manner to a slime
coating (Wills, 1988). Similar results were obtained by Rath et al. (2000) who
investigated the interaction of dextrin and guar gum with pyrite for adsorption,
flotation and electrokinetic tests. They reported that higher adsorption densities of
polysaccharides onto pyrite reveal in the pH range 7.5-11, that is maximum around pH
10 for dextrin and guar gum.

50

40
30
20
o Fig. 3. The effect of starch on pure pyrite flotation

0

Recovery, %

0 5 10 15 20
Starch, mg/L

3.1.2. Effect of Na,S,05

The effect of Na,S,05 was investigated at pH 6.5 and 10. The amount of Na,S,0s
was between 34 mg/dm?® and 134 mg/dm?, and the amounts of Aerophine 3418 A and
MIBC were the same as in starch experiments. The results are given in Fig. 4.
Flotation recovery decreased from 43% to 4% at pH 10, and from 75% to 23.3% at pH
6.5 with 134 mg/dm® metabisulphide addition. Decrease in recovery with
metabisulphate was about 40% at pH 10 where pyrite flotation is already low due to
high pH and about 50% decrease in recovery was obtained at pH 6.5. Test results
reveal that metabisulphite is more effective at pH 6.5 than at pH 10 but trend was
similar. Actually almost complete depression has already occurred at 100 mg/dm®
dosage at pH 10. But at pH 6.5, maximum depression, about 25%, was obtained by
increasing dosages from 100 mg/dm?® to 134 mg/dm®. That means that higher dosages
are required to depress pyrite at lower pHs. In the literature it has been reported that
when sulphur-oxy depressants are used these involve interaction of sulphite with
collector either in solution or its adsorbed state and sulphite ions depressed pyrite by
desorbing xanthate species from the surface (Grano et al., 1997 and Yamamoto, 1980).

The surface of pyrite can adsorb sulphite ions which prevent collector adsorption
(Wills, 1988). Therefore the change in mineral floatability indicates that sulphide or
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sulphite should have a greater affinity for surface sites than the adsorbed collector
species. On the other hand, according to Woods (1972) activation and depresion
during flotation is worth considering in terms of mixed potential mechanism. In the
literature, it is proposed that sulphide and sulphite prevent the flotation of pyrite
because their oxidation potentials in alkaline solutions are more positive than that of
xanthate (Hoyack and Raghavan, 1987). Janetski et al. (1977) investigated pyrite
flotation and depression and reported that the solution containing sulphide, xanthate
and oxygen, a mixed potential will be cathodic to the xanthate / dixanthogen potential
and hence dixanthogen will not be formed and mineral will not be rendered floatable.
Therefore presence of sulphide in solution introduces an anodic process which will
occur in preference to xanthate oxidation. The mechanism for depression of sulphides
floated with xanthate with addition of sodium sulphide producing a drop in the redox
potential causing desorption of xanthate from the mineral (chemical displacement
process) and a subsequent loss of flotation (Gebhardth and Kotlayar, 1991). Figure 5
shows the relation of pulp potential and depressant amount and pyrite recovery
(Goktepe, 1992). This shows that increasing the addition of NaSH depresses pyrite
and 1500 g/Mg dosage addition, complete depression occurred. Pulp potential was
also recorded and the change in potential shows that pulp potential decreased as NaSH
amount increased. When pulp potential-recovery and NaSH amount are considered
together, it can be seen that recovery decreased as pulp potential decreased. In the
literature there are some studies showing that solution redox potential may be reduced
by the introduction of sulphite.

100 100 T T T T T T T — 0
. =M= Potential m \g/Ag

80 —o— pH:10.0 804 1100 g
70 =4
R = 1-150 =S
% 60 & 601 200 &
g 7 g - -250 2
§ 40 1 % 40 1-250 <
30 4 = -300 2
20 4 - -350 E
10 -400 O

0 ‘ ‘ 0 — 1 -450

0 50 100 150 0 200 400 600 800 1000 1200 1400 1600
Meta Bisulphite Dosage, mg/L Amount (g/t)

Fig. 4. The effect of sodium meta bisulphite on Fig. 5. Effect of NaSH amount for pyrite flotation

pyrite flotation and for pulp potential. (conditions: 2 mg/dm?®

xanthate, pH 6, NaSH as a reducing reagent and
potential was measured by platinum electrode)
(Goktepe, 1992)

Miller (1970) considered that sulphite should act as a depressant for pyrite, due
both to its reducing properties as well as its specific adsorption onto pyrite. As
xanthate adsorption onto pyrite and a variety of other sulphide minerals is believed to
take place via xanthate dimerisation to dixanthogen, the introduction of a more
reducing couple may minimise adsorption via this mechanism but this mechanism is
not specific with respect to the mineral Miller (1970). Zeta potential of pyrite in the
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presence and absence of sodium sulphite was also measured by Miller (1970), which
gave evidence of specific adsorption of sulphite ion onto pyrite.

When Figures 3 and 4 are compared to show the effect of depressant types, it can
be said that to obtain the similar amount of depression, higher dosages of meta
bisulphite is required than starch but metabisulphite is more effective as a depressant.

3.2. Pyritic copper ore
3.2.1. Effect of starch

First, flotation was carried out with ore sample without any depressant at natural
pH of sample (pH: 6.9) where 50 g/ton Aerophine 3418 A and 50 g/ton MIBC (Methyl
iso-butyl carbinol) were used as reagents in rougher stage. Three cleaning stages were
applied and only 25 g/ton MIBC was used in these stages. Then the effect of starch
was investigated at pHs 6.9 and 12.1 where 50 g/ton starch, 50 g/ton Aerophine 3418
A and 50 g/ton MIBC were kept constant in all rougher tests. In the three cleaning
stages only 25 g/ton starch and 20 g/ton MIBC were used. The results are shown in

Table 2.
Table 2. The effect of starch on the pyritic copper ore flotation

. Cu
pH Products W?,/'ght (%)
(%) Grade Recovery
Concentrate 9.30 10.22 63.00
6.9 Middling 1 1.90 4.01 5.10
without Middling 2 1.70 3.59 4.00
depressant Middling 3 6.20 1.28 5.30
Tailing 80.90 0.42 22.60
Total 100.00 1.504 100.00
Concentrate 3.20 11.91 23.80
Middling 1 4.20 6.82 18.30
Middling 2 5.10 3.92 12.60
6.9 Middling 3 13.30 2.81 23.70
Tailing 74.20 0.46 21.60
Total 100.00 1.58 100.00
Concentrate 4.20 19.92 52.20
Middling 1 1.60 11.23 11.70
121 M!ddl!ng 2 1.60 6.57 6.70
' Middling 3 5.80 3.02 10.90
Tailing 86.80 0.34 18.50
Total 100.00 1.59 100.00

As Table 2 shows, using starch as a depressant at pH 6.9 did not improve the
results, besides lower recovery obtained at concentrate. This means that starch also
depresses the copper as well. It can be seen that starch depresses pyrite at higher pH
level more selectively but still lower recovery obtained comparing to the flotation
without starch. It is generally believed that the depressive behavior of polysaccharides
in differential flotation is not specific, or not as specific as inorganic depressants.
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Because starch does not ionize in solution but form colloidal particles in the pulp
which can be deposited on the mineral surface, preventing flotation in a similar
manner to slime coating. Large quantities of these reagents will depress all minerals
and they are not as selective as the electrolytic depressants (Wills, 1988). Although the
adsorption mechanism of the polysaccharides has not yet been fully understood
(Yamamoto, 1980; Bogusz et al., 1997) pointed out that, in interaction
polysaccharides with mineral surface metal-hydroxylated species, selective adsorption
of polysaccharides would not likely be achieved. This is because the flotation pulp
contains various metal ions derived from dissolution of minerals, which inevitably
mask the surfaces of minerals and make them all similar. In this study, especially at
natural pH, starch also depressed copper when it is used in cleaning stages.

3.2.2. Effect of Na,S,05

The effect of Na,S,05was investigated at pHs 6.9 and 12.1 and 5000 g/ton Na,S,0s,
50 g/Mg Aerophine 3418 A and 50 g/Mg MIBC were used in all rougher stage. In the
three cleaning stages only 20 g/Mg MIBC was used and results are given in Table 3. It
can be seen from Table 3 that at pH 6.9 copper grade and recovery are better than at pH
12.1.

Table 3. The effect of Na,S,05 on the pyritic copper ore flotation

. Cu
pH Products V\/&ght (%)
Grade Recovery
Concentrate 3.10 22.62 44.90
Middling 1 0.40 11.35 2.70
Middling 2 0.60 7.40 2.70
69 Middling3 490 346 1050
Tailing 91.00 0.69 39.20
Total 100.00 1.60 100.00
Concentrate 2.40 21.20 31.30
Middling 1 2.60 15.43 25.10
Middling 2 3.20 7.93 15.90
121 Middling 3 5.90 2.64 9.80
Tailing 85.90 0.33 17.90
Total 100.00 1.59 100.00

A copper concentrate with 22.62% Cu grade and 44.9% metal recovery was
obtained at pH 6.9. Although grade of copper concentrate was 21.2% with 31.3%
recovery at pH 12.1. These results prove that pyrite is depressed more effectively at
lower pH level with Na,S,0s But incase of middlings higher grades and recoveries
were obtained at pH 12.1. If two tailings were compared, lower grade and lower
recovery obtained at pH 12.1, which shows that copper loss in tailing is lower at pH
12.1.
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When two depressants were compared by considering only concentrate, Na,S,0s
looks more effective depressant than starch. If middlings were added to the
concentrate or if tailings were considered for the loss of copper at pH 12.1, it can be
seen that similar results were obtained. These results confirm to the results obtained
from pure mineral study. When two depressants are compared, Na,S,0s ensures more
selectivity than starch.

4. Conclusions

It was found that starch is an effective depressant for pyrite even with a very small
amount of addition. Furthermore, the effect of starch is more pronounced at alkaline
pH than natural pH. The sodium metabisulphite ensures more selectivity compared to
starch at natural pH for pure pyrite and pyritic copper ore flotation. Fundamental
findings of this study (pure mineral) can be applied to an ore sample. The findings
confirms each other. Overall both metabisulphite and starch can be an alternative
depressant for pyrite instead of toxic depressants such as cyanide in the industrial
applications.
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Abstract. Influence of sodium chloride (NaCl) addition on bubble velocity in solutions of
sodium n-octylsulfate (SOS), n-decylsulfate (SDS) and n-dodecylsulfate (SDDS) was studied.
The NaCl concentration was varied from 0.0001 to 0.05 M. Profiles of the bubble local
velocity, that is, variations of the bubble local velocity with distance from the point of the
bubble formation (capillary), were determined. At low sodium n-alkylsulfates concentrations
the bubbles, after the acceleration stage, reached a maximum velocity followed by a
deceleration stage tending to attain their terminal velocity. The maximum disappeared at high
SOS, SDS and SDDS concentrations. Electrolyte alone did not affect the bubble velocity.
However, addition of even small amounts of NaCl into solutions of sodium n-alkylsulfates
affected the bubble motion. The effect was especially significant at low concentrations of the
surfactants studied, where the bubble terminal velocity was lowered from ca. 30-34 cm/s (no
electrolyte) down to ca. 15 cm/s in 0.01M NaCl presence. The electrolyte affected the bubble
motion via its influence on state of the Dynamic Adsorption Layer formed over surface of the
bubbles rising in sodium n-alkylsulfates solutions.

keywords: sodium n-octyl-, n-decyl-, n-dodecylsulfates, bubble velocity, adsorption coverage,
electrolyte, surface tension, surface fluidity, dynamic adsorption layer

1. Introduction

Sodium n-alkylsulfates are typical anionic surfactants and some of them (n-
dodecylsulfate) are used in froth flotation of various metals, salts, as frothers or/and
collectors (Laskowski, 1998, 2010; Ceylan and Kucuk, 2004; Hu et al., 2005 and
2008; Watasharing et al., 2009; Rujirawanich, 2010). As sodium n-alkylsulfates
adsorb strongly at solution/gas interfaces so their adsorption at surface of the rising
bubbles affects (lowers) the bubble velocity. Adsorption of surface active substances
(frothers) at bubble surface prevents also their coalescence, assures a froth layer
formation and facilitates the grain attachment to bubbles (Laskowski, 1998; Nguyen
and Schulze, 2004; Leja, 1982). Lower rise velocity means that the contact time
between the colliding bubble and particle is longer and therefore, the probabilities of
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the three phase contact (TPC) and stable bubble-grain aggregate formation are
increased. Moreover, the bubble residence time and corresponding gas holdup are
higher in the flotation column when the bubble rise velocity is smaller (Azgoni et al.,
2007).

Presence and state of adsorption layer at the rising bubble surface can slow down in
a great extent the bubble velocity as a result of retardation of fluidity of the gas/liquid
interface (Clift et al., 1978; Sam et al., 1996; Krzan and Malysa, 2002ab; Krzan et al.,
2007; Krzan and Malysa, 2009). When the bubble is formed in surfactant solution then
adsorption coverage is uniform over its surface. Motion leads to inducement of uneven
distribution of adsorbed molecules over the bubble surface as a result of viscous drag
exerted by fluid on surface of the rising bubble. When the bubble starts to rise with a
constant velocity (terminal velocity) it indicates that the dynamic architecture of
adsorption layer (DAL) is established over the bubble interface. Establishment of the
DAL means that the adsorption coverage is at minimum on the bubble top pole, while
on the bottom the coverage is higher than the equilibrium one. It means that the
surface tension gradient is induced over interface of the rising bubble, which retards
mobility of the bubble interface. As a result of the bubble interface immobilization the
hydrodynamic drag for the bubble motion is increased and the bubble rising velocity
can be reduced, even by over 50%. For complete immobilization of interface of the
rising bubbles a definite degree of adsorption coverage is needed, which magnitude is
different for various surface active substances (Krzan and Malysa, 2002ab; Krzan et
al., 2007). In the case of ionic surfactant their degree of adsorption coverage at
solution/gas interface is strongly affected by the electrolyte presence, due to the
electrolyte influence on electrostatic interaction in the adsorption layer formed.

Adsorption of ionic surfactant is affected by the properties of electric double layer
(EDL) at the solution/gas interface. Electrostatic interactions (repulsive) in the EDL
hinder the adsorption of further surfactant ions and facilitate the counterions
adsorption. Davies and Rideal applied the Frumkin adsorption isotherm by
considering the ionic interactions in the diffuse part of EDL under the assumption that
the surfactant ions are adsorbed in the Stern layer (Davies and Ridael, 1963).
However, their model overestimated the diffuse layer potential. Kalinin and Radke
(1996) assumed that part of the counterions can form a pair with surfactant ions in the
Stern layer, while another (not bonded part) is located in the diffusive region of EDL.
Their model was applied successfully to describe experimental data of several authors
concerning the dependence of the surface tension of air/aqueous and oil/aqueous
solutions. Most recently an alternative model was proposed by Warszynski et al.
(1998a), which assumes a penetration of counterions into the Stern layer and
formation of the “surface quasi-two-dimensional electrolyte” (STDE). According to
the STDE model the electroneutrality condition is not fulfilled at the interface, which
bears a surface charge originating from the difference in surfactant ion and counterion
surface concentrations. A good agreement between experimental data and theoretical
calculations was obtained under an assumption that the ion specific effect is caused by
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the difference of size of hydrated counterions. Warszynski et al. (1998a) showed that
due to neutralization of the surface charge of adsorbed ionic surfactant molecules by
counterions adsorbed in the Stern layer the surface tension of SDDS solutions can be
shifted towards lower concentrations by more than order of magnitude. It was also
shown recently (Krzan and Malysa, 2009) that addition of 0.05M of some inorganic
electrolytes (NaCl/KCI/HCI/NaOH) and/or the pH variation caused significant
diminishing the local velocity in low concentrations of SDDS solutions.

The paper presents results of studies on influence of sodium chloride (NaCl)
addition on bubble motion in solutions of sodium n-octylsulfate, n-decylsulfate and n-
dodecylsulfate of different concentrations. Variations of the bubble local velocity with
distance from the point of the bubble formation (capillary) and the terminal velocity
values were determined. The electrolyte (NaCl) concentration was varied from 0.0001
to 0.05M and it was found that NaCl presence even at so small amount as 0.001M can
significantly affect motion of the rising bubbles. It is showed that the electrolyte
affected the bubble motion via its influence on state of the Dynamic Adsorption Layer
formed over surface of the bubbles rising in sodium n-alkylsulfates solutions.

2. Experimental

The experimental setup and procedures of the measurements were described in
details elsewhere (Krzan and Malysa, 2002a; 2009). Single bubbles were formed in a
controlled way at the capillary of inner diameter 0.075 mm and their motion after
detachment was monitored over approximately 500 mm distance from the capillary
using the Moticam 2000 camera and stroboscopic illumination (100 Hz). Values of the
local velocity U of the bubble, at the given distance L from the capillary, were
calculated as:

0 =% +(y, — )
At

where (xz, ¥,) and (x;, y;) are coordinates of the subsequent positions of the bubble
bottom pole, and At is the time interval (10 ms) between the stroboscopic lamp
flashes. The distance L was measured as a distance between the capillary orifice and
the bottom pole of the rising bubble. Bubble shape deformations were determined by
measurements the horizontal and vertical diameters of the rising bubble.

Sodium n-octylsulfate (SOS), n-decylsulfate (SDS) and n-dodecylsulfate (SDDS)
were the commercial reagents (Sigma-Aldrich and Fluka) and were used as received.
Sodium chloride was heated up to 550°C in order to get rid of any surfactant
contaminations. The solutions were prepared immediately before experiment to avoid
any long term hydrolysis. Distilled water (Millipore — surface tension 72.4 mN/m,
conductivity 0.05 uS) was used for solution preparation.

The measurements were carried out at room temperature 22 + 1°C.

U=
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3. Results and discussion

Figure 1 presents the dependencies of the bubble local velocity on distance from
the capillary for sodium n-octylsulfate (Fig. 1A), n-decylsulfate (Fig. 1B) and n-
dodecylsulfate solutions of different concentrations. The dependence for the bubble
local velocities in distilled water is presented as a reference to show effect of the
surfactants studied on the velocity profiles. As seen in pure water the bubble terminal
velocity, Viem, that is, the bubble constant velocity, was 34.8+0.3 cm/s for the bubbles
of diameter 1.48+0.03 mm, formed at the capillary used in the study (inner diameter
0.075 mm). It is worthy to add here that the bubble terminal velocity depends on the
bubble size as documented by Clift et al. (1978). In our previous studies (Zawala et al,
2007ab, Malysa et al., 2011) we showed that when the bubble diameter varied from
1.22 to 1.66 mm (capillaries of inner diameters 0.05-0.1mm) then magnitude of the
bubble terminal velocity varied from 31.5+0.2 to 36.7+0.2 cm/s, but character of
variations of the local velocity profiles was similar. As seen in Fig. 1 the velocity
profiles are varying with n-alkylsulfates concentration, in a similar way as in the case
non-ionic and ionic surfactants studied earlier (Krzan and Malysa, 2002ab and 2009;
Krzan et al.,, 2004 and 2007; Malysa et al., 2005 and 2011). Immediately after
detachment the bubble accelerates rapidly over a distance of ca. 20mm, depending on
the solution concentration. In distilled water the bubble acceleration was ca. 925cm/s?
(Krzan et al., 2007) and after the acceleration stage the bubble achieved its terminal
velocity of 34.8+0.3 cm/s at the distance ca. 2-3 cm from the capillary. In low
concentrations of sodium n-alkylsulfates the bubbles reached, after the acceleration
stage, a maximum velocity followed by a deceleration stage tending to attain their
terminal velocity (see Fig. 1). A general tendency can be easily noted in Fig. 1 that
position, height and width of the maximum depend on concentration of the sodium n-
alkylsulfates solutions. Higher solution concentration caused lowering the maximum
height and width. Finally, the maximum disappeared and the bubbles attained their
terminal velocity immediately after the acceleration stage at concentrations high
enough.

Presence of the maximum on the velocity profiles is an indication that the dynamic
architecture of the adsorption layer (DAL) hasn't yet been fully established (Krzan and
Malysa, 2002ab and 2009; Krzan et al., 2004 and 2007; Malysa et al., 2005 and 2011).
The maximum disappearance means that the DAL has been established at the
acceleration stage of the bubble motion. Variations of the maximum velocity with
concentrations of sodium n-octylsulfate, n-decylsulfate and n-dodecylsulfate are
compared in Fig. 2A. As seen there and in Fig. 1 the concentration of the maximum
disappearance was the lowest in the case of sodium n-dodecylsulfate solutions, due to
its highest surface activity. Figure 2B presents the dependencies of the bubble terminal
velocity on concentrations of these solutions and again here the reagent of highest
surface activity (sodium n-dodecylsulfate) lowered the bubble terminal velocity at
lowest solution concentrations. It needs to be added here that values of the terminal
velocity for low concentrations of sodium n-octylsulfate should be treated with a
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caution (as approximates only) because at these concentrations, as can be observed in
Fig. 1A, the bubble local velocities were still not constant even at distances 25-30 cm
from the capillary orifice. Note please (Figs. 1 and 2) that at high concentration of
sodium n-octylsulfate, n-decylsulfate and n-dodecylsulfate the bubbles terminal
velocity was similar, ca. 15 cm/s, that is over 50% smaller than in distilled water.
Moreover, the bubble terminal velocity practically stopped to depend on the solution
concentration above a “threshold” concentration, which value depends on the reagent

type.
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Lowering of the bubble terminal velocity in surfactant solutions is caused by
retardation fluidity of the bubble surface due to formation a dynamic architecture of
the adsorption layer (DAL) over surface of the rising bubble. As surface tension of
solutions of ionic surfactants (Warszynski et al., 1998a and 2002; Adamczyk et al.,
1999ab; Para et al., 2005; Jarek et al. 2010), that is adsorption coverage under
equilibrium condition, is strongly affected by electrolyte presence so the velocity
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profiles of the rising bubbles should also depend on the electrolyte contents in their
solutions. It has already been shown that the addition of 0.05M of electrolyte (NaCl or
KCI) strongly affected the parameters of the bubble motion in sodium n-
dodecylsulfate solutions (Krzan and Malysa, 2009). In presence of 0.05M NaCl or
KCI the bubble local velocities were significantly diminished even in low
concentrations of the SDDS solutions. As there is a lack of systematic studies on
influence of electrolyte concentration so we studied effect of sodium chloride on the
bubble velocity in SOS, SDS and SDDS solutions of different concentrations to find a
minimum electrolyte concentration, which can affect the bubble motion. Photos of
Figs. 3 and 4 illustrate clearly that increasing concentration of inert electrolyte can
significantly affect velocity of the bubbles rising in solutions of 1-10°M sodium n-
decylsulfate (Fig. 3) and 3:10° M sodium n-dodecylsulfate (Fig. 4). As all these
experiments were carried out under identical frequency of the stroboscopic
illumination (100 flashes/sec) so changes in distances between positions of the
subsequent images show immediately influence of electrolyte concentration on the
bubble velocity. The effect is really huge and it is clearly seen that at constant
concentrations of the anionic surfactants the bubble velocity decreases quickly when
the electrolyte concentration is increasing. It needs to be noted and underlined here
that in 1-10°M SDS and 3-10°M SDDS solutions there were a distinct maximum (see
Figs. 1B and 1C) indicating that fluidity of the bubble interface was not fully retarded
in these solutions. Lower velocity in the SDS and SDDS solutions containing sodium
chloride is an indication that the electrolyte presence caused higher retardation of the
bubble surface fluidity.
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1x10M SDS

NaCl: 0M 0.0001M 0.001M 0.01M 0.05M

Fig. 3. Images of the bubbles rising in 1-10° M SDS solutions containing
different amounts of sodium chloride (distance 1cm from the capillary orifice).
Strobe frequency-100 flashes per second

3x10°M SDDS ' |

NaCl: 0M 0.0001M 0.001M 0.01M 0.05M

Fig. 4. Images of the bubbles rising in 3-10° M SDDS solutions containing
different amounts of sodium chloride (distance 1cm from the capillary orifice).
Strobe frequency-100 flashes per second

Figures 5A-5D present the quantitative data on influence of sodium chloride
addition on profiles of the bubble local velocity in solutions of 5-:10 M sodium n-
octylsulfate (Fig. 5A), 1-10°M sodium n-decylsulfate (Fig. 5B), 3:10° M sodium n-
dodecylsulfate (Fig. 5C) and 1x10™* M sodium n-dodecylsulfate (Fig. 5D). The sodium
chloride concentration was varied from 0.0001 to 0.05 M. The dashed lines in Figs.
5A-5D refer to the bubbles motion in solution of 0.05M NaCl without any surfactant
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added. As seen the profiles of the bubble local velocity in 0.05 M NaCl and in distilled
water (compare Figs. 5 and 1) are identical — after the acceleration stage the bubbles
attained their terminal velocity of 34.8+0.3 cm/s at the distance ca. 2-3 cm from the
capillary. Identical values of the terminal velocity for distilled water and 0.05 M NaCl
solution shows two important things: i) presence of inert electrolyte alone does not
affect the bubble motion, and ii) there was no even traces of surface active
contaminations in the sodium chloride used. When SOS, SDS or SDDS was present
then the situation was completely different (see Figs. 5A-D). With increasing NaCl
concentration the local velocity profiles in solutions of 5-:10* M SOS, 1x10°M SDS,
3:10° M SDDS and 1x10™ M SDDS were changed very significantly. Values of the
maximum velocity in solutions containing 5:10* M SOS, 1-10° M SDS, 3-10° M
SDDS and 1-10® M SDDS were clearly decreasing with increasing NaCl
concentration. The bubbles terminal velocity was also changed. For example in 1-107
M SDS and 3:10° M SDDS the bubble terminal velocities were lowered from
24.1+0.7 cm/s and 31.4+0.6 cm/s to 15.2+0.5 cm/s and 14.6+0.5 cm/s, respectively
(see Figs. 5B and 5C), when the electrolyte concentration was changed from 0 to 0.05
M. Thus, the increasing electrolyte concentration affected the bubble motion
parameters in a similar way as increasing surfactant concentration in solutions without
inert electrolyte. Explanation of these findings is rather obvious and consistent with
literature data on influence of inert electrolytes on surface tension isotherms of ionic
surfactants (Kalinin and Radke, 1996; Warszynski et al., 1998a and 2002; Adamczyk
et al., 1999ab; Para et al., 2005; Jarek et al., 2010) — surface activity of the sodium n-
alkylsulfates studied was increased due to the electrolyte presence as a result of
damping electrostatic interactions in their adsorption layers.

When molecules of the ionic surfactant are adsorbed at solution/gas interface, the
electrical double layer (EDL) is built and, as a result, an energetic barrier of
electrostatic origin appears. Due to repulsive interactions between the adsorbed ionic
surfactant molecules within the adsorption layer the adsorption coverage is
significantly lower than in the case of similar but nonionic surfactants. Addition of
electrolyte can increase the ionic surfactant adsorption. For example in the case of the
SDDS solutions the surface tension isotherm can be shifted towards lower
concentrations by more than order of magnitude (Warszynski et al., 1998a). This
effect of lowering of surface tension of ionic surfactant solutions in electrolyte
presence is due to neutralization of the surface charge of adsorbed ionic surfactant
molecules by counterions adsorbed in the Stern layer (Kalinin and Radke, 1996;
Warszynski et al., 1998a and 2002; Adamczyk et al., 1999ab; Para et al., 2005; Jarek
et al., 2010). The counterions adsorption in the EDL region causes that interface is
almost “neutral” for the adsorbing surfactant, and thus, the surface activity of the ionic
surfactant almost approaches the surface activity of nonionic surfactant with the same
carbon chain length. In other words the electrolyte presence means that at identical
bulk concentration the surface tension of sodium n-alkylsulfates solutions is lowered.
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Presence of the maximum on the local velocity profiles is an indication, as showed
elsewhere (Krzan and Malysa, 2002ab; Krzan et al., 2007), that dynamic structure of
the adsorption layer, i.e., uneven, steady state distribution of the surfactant molecules
over the bubble surface, has not been established at the acceleration stage of the
bubble motion.
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Fig. 5. Influence of sodium chloride concentration on local velocity profiles of the bubbles rising
in 5-10"* M sodium n-octylsulfate (A), 1-10> M sodium n-decylsulfate (B), 3-10°M (C) and 1-10*M
sodium n-dodecylsulfate (D) solutions. The dashed line shows the bubble local velocities in 0.05 M
NaCl solution, without any surfactant

The maximum is observed at low concentrations of various surfactants and
diminishes with increasing surfactant concentration (see Figs. 1 and 2A). It has also
been showed (Krzan and Malysa, 2002a; Krzan et al., 2007) that when a maximum is
observed on the bubble velocity profiles then there are observed shape pulsations of
the rising bubbles. These shape pulsations mean variations of the interfacial area and
adsorption-desorption processes, counteracting expansion of the interfacial area, and
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are strong confirmation that there was not yet established a steady state distribution of
the adsorbed surfactant molecules. The bubble shape pulsations are decreasing,
similarly as the height and width of the maximum on the velocity profiles, when the
surfactant concentration is increasing. As discussed above the electrolyte presence in
solution causes an increase of n-alkylsulfates surface activity as a result of damping
electrostatic interactions in the adsorption layers. Increased surface activity means that
there is higher adsorption coverage at a given solution bulk concentration. Thus, there
should also exist a correlation between variations of the bubble shape and the local
velocity values when the electrolyte concentration is increasing at the constant n-
alkylsulfate concentrations.

35 ____,_‘%4—%‘%—«%‘——--«‘“—"*—‘ 35 F fﬁ;g%;a’ﬁ;a—‘“‘%fs-ﬁ

w
o

P &
—O&— SDDS, no NaCl
—aA— SDDS + 0.0001M NaCl
20 —&— SDDS + 0.001M NaCl ]
—&— SDDS + 0.01M NaCl

—O— SDDS + 0.05M NaCl

local velocity [cm/s]
&

local velocity [cm/s]
N
[(6)]

10 F T T T T
1577 "
—o— SDS, no NaCl
c 14 —A— SDS +0.000IMNaCl § —
o | —&— SDS +0.001M NaCl o
= —*— SDS +0.0IMNaCl ] ‘S
g 13 —o— SDS +0.05M NaCl g
1 p—
o) o)
[Pt y—
Q i @
o ©

distance [cm] distance [cm]

A B

Fig. 6. Influence of sodium chloride concentration on local velocity and degree of the shape variations
with distance from the bubble detachment in 1-10°M SDS (Fig. 6A) and 3-10"° M SDDS (Fig. 6B)
solutions. The dashed line shows the bubble local velocities and deformations in 0.05 M NaCl solution,
without any surfactant

Figures 6A and 6B present a comparison of variations of the bubble local velocity
and the bubble shape deformations with distance from the capillary in 1-10° M SDS
and 3-:10° M SDDS solutions. The bubble shape variations are expressed as a ratio
(dn/d,) of the horizontal (dy) and vertical (d,) diameters. A good correlation between
variations of the bubble shape and the local velocity values can be observed there.
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Both parameters show maxima at similar distances from the capillary and in a similar
way the maxima are changing and shifting with changes of the solution concentration.
Shape pulsations mean variations of the interfacial area and variations in surface
tension gradients induced, which affect fluidity of the bubble interface. Consequently,
these variations in the bubble surface fluidity lead to changes of the bubble velocity.
Existence of correlations between local velocity changes and shape variations shows
that electrolyte presence caused, indeed, variations of adsorption coverage over
surface of the rising bubbles. Influence of electrolyte concentration on degree of
adsorption coverage over surface of the bubble growing at the capillary orifice can be
determined using the convective-diffusion model elaborated by Warszynski et al.
(1998b). In calculations the available literature data (Warszynski et al., 1998a) on
influence of electrolyte on adsorption isotherms of sodium n-dodecylsulfate were
used. Table 1 presents data on degree of adsorption coverage at the moment of the
bubble detachment from the capillary in 3:10° M and 1:10* M sodium n-
dodecylsulfate solutions without and containing 0.01 M NaCl. As seen the adsorption
coverage at the detaching bubble (6#det was ca. 5-6 fold higher in SDDS solutions
containing 0.01 M NaCl. In 3-:10° M SDDS solution the adsorption coverage was
increased from 1% to 6% in presence of 0.01 M NaCl. Simultaneously, as showed
above, the bubble maximum and terminal velocities were lowered from 33.3 and 31.4
cm/s to 18.7 and 15.4 cm/s, respectively. Thus, the data presented in Fig. 4 and Table
1 show straightforward that electrolyte presence affects the bubble velocity as a result
of variation of the adsorption coverage of the anionic surfactants over surface of the
rising bubbles.

Table 1. Adsorption coverage on bubble growing in sodium n-dodecylsulfate solutions without and
containing 0.01 M NaCl. Time of the bubble growth 1.6 s

No electrolyte 0.01M NaCl

Conc. edet. Vterm Vmax Gdet Vterm Vmax
3:10°M  0.01 314406 333 0.06 15.4+0.7 187

1-10*M 0.036 17.7+13 286 0.2 159+03 165

Figure 7 presents influence of NaCl concentration on the bubble maximum (7A)
and terminal (7B) velocities in SOS, SDS and SDDS solutions. As seen the electrolyte
presence, even at so low concentrations as 0.0001 and 0.001M, affect the bubble
motion in solutions of sodium n-alkylsulfates. In the case of lowest concentrations of
sodium n-alkylsulfates solutions the terminal velocities are lowered from ca. 30-35
cm/s (no electrolyte) down to ca. 23-28 cm/s (0.001M NaCl). When the electrolyte
concentration was increased to 0.01 M NaCl then the bubble terminal velocity was
reduced to the level of ca. 15cm/s in all SOS, SDS and SDDS solutions studied, what
means that fluidity of the bubble surface was practically fully retarded. At higher SOS,
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SDS and SDDS concentrations the electrolyte caused also lowering the bubble
velocity but the effect was less spectacular because the “starting point” was lower,that
is, the bubble velocity in solutions without any electrolyte was lower. Nevertheless,
the data obtained show clearly how strongly the electrolyte presence can lower the
bubble velocity in solutions of anionic surfactants. As lowering of the bubble velocity
is advantageous for probability of the grain attachment to the bubble in every flotation
system (lower velocity means a longer contact time during their collisions) so a
practical implication from these studies is the following — lower dosage of ionic
frother can be applied when electrolyte is present in flotation system.

3B
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Fig. 7. Influence of electrolyte concentration on maximum (Fig. 7A)
and terminal (7B) velocities of bubbles in SDDS, SDS and SOS solutions.

4. Conclusions

Presence of electrolyte (sodium chloride) in sodium n-alkylsulfate solutions affects
strongly motion of the rising bubbles. Electrolyte alone, i.e. without any sodium n-
alkylsulfate presence, has no effect on the bubble motion and the bubble terminal
velocity in 0.05M NaCl was identical as in distilled water (34.8+0.3cm/s). At low
sodium n-alkylsulfates concentrations the effect of electrolyte addition is huge and
even at very low NaCl dosage (0.0001 and 0.001M) the bubbles terminal velocity was
lowered from ca. 30-34cm/s (no electrolyte) down to ca. 23-28cm/s (0.001M NacCl).
When the electrolyte concentration was increased to 0.01M NaCl then the bubble
terminal velocity was reduced to the level ca. 15cm/s in all SOS, SDS and SDDS
solutions studied. It was found that increasing electrolyte concentration affected the
bubble motion parameters in a similar way as increasing concentration of sodium n-
alkylsulfates, what shows that due to the electrolyte presence the degree of adsorption
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coverage over the bubble surface was increased. Higher adsorption coverage means an
increased retardation of the bubble surface fluidity and lower bubble velocity.
Minimum adsorption coverage needed for complete retardation of the bubble surface
mobility was determined for sodium n-dodecylsulfate solutions without electrolyte
and with 0.01M NacCl. It was found that the SDDS adsorption coverage over surface
of the rising bubble was ca. 5-6-fold higher when 0.01 M of NaCl was added.

In flotation systems the bubble velocity lowering is advantageous because lower
velocity means a longer contact time during collisions of the bubbles and grains and
increased probability of formation a stable bubble-grain aggregates. Thus, a practical
implication can be drawn from these studies that lower dosage of anionic frother can
be applied when electrolyte is present in flotation system.
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Abstract. A new method of obtaining a ZnO-SiO, synthetic composite from emulsion systems
is described. The reagents were solutions of sodium silicate and zinc sulphate, cyclohexane
was used as an organic solvent and non-ionic surfactants as modifiers. The influence of the
mode of reagents dosing and type of emulsifiers on the physicochemical properties, structure
and particle size of ZnO-SiO, was evaluated. The choice of the optimum emulsifier or mixture
of emulsifiers and their amounts needed for the process of precipitation and ensuring getting
products of uniform particles and the smallest possible size was proposed. The ZnO-SiO,
composite obtained was characterised by micrometric particle size. The oxide composites
obtained were subjected to thorough analyses to determine their physicochemical properties,
dispersion and morphology. Particle size distributions were evaluated by the NIBS technique
and laser diffraction method. The products were also characterised by sedimentation profiles,
wettability with water and colorimetric analyses, determination of bulk density or ZnO and
SiO2 contents.

keywords: ZnO-SiO,, precipitation, particle size distribution, surface morphology, wettability,
sedimentation, emulsion

1. Introduction

Silica and silica-based materials have found widespread application for industrial,
technological and domestic purposes. The demand for improved silica types with
specific properties such as mechanical strength, pore volume and size distribution,
surface area or reactivity is fueling the search for innovative production of such
materials (Sun 2004). For many years, silicates have attracted great attention due to
their special physicochemical properties, low cost and abundant supply, and have been
widely applied in many fields, e.g. as molecular sieves (Ying 1999), catalyst supports
(Fotopoulos 2007), for gas absorption and separation (Kalinkin 2009), and as raw
materials for the glass industry (Yang 2010).
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In recent years, ZnO nanoparticle embedded SiO, composites have attracted
extensive research interests. It has been found that these materials have improved
luminescence efficiency compared to bulk ZnO materials. Excellent nonlinear optical
properties, saturable absorption and optical bistability have also been reported for
these composites (Mo 1998, Fu 2003, Chakrabarti 2004, Zhao 2007). ZnO-based
nanocomposites are promising materials in ceramic technology for application as
varistors, sensor elements, photoconductors in electrophotography (Cannas 1999), and
for electroluminescent applications such as in flat-panel displays, photoelectronics
integrated devices, and semiconductor lasers. However, the luminescence efficiency of
ZnO-based nanocomposites needs to be improved for the above applications
(Fu 2003). Yao et al. (2000) have reported band gap luminescence from ZnO in
mesoporous silica, and they have found that Zn—O-Si cross-linking bonds that formed
at the interface between ZnO and the pore walls of silica had a great influence on the
optical properties of ZnO/SiO,. Much attention has been paid to the UV barrier
properties of fabrics modified with ZnO-SiO,. It has been shown that coating of
fabrics with a paste of ZnO-SiO, is an effective method of surface modification
(Séjka-Ledakowicz 2010).

Recently, intense research has been dedicated to preparation of materials of desired
properties (e. g. spherical shape of particles, high adsorption activity) (Jesionowski
2009). In the production of highly dispersed synthetic silicates a particularly important
are the technological conditions of the process. They affect the physicochemical
properties of the products obtained and surface modification permits improvement of
the product properties (Krysztafkiewicz 2004). In conventional methods, uncontrolled
nucleation and subsequent growth of the precipitated particles in a bulk aqueous
medium finally generates large particles with a wide size distribution (Lee 2006). To
overcome these problems, many recent studies have used emulsions to control the
size, distribution and morphology of the fine particles (Ganguli 1997). Emulsions
consist of droplets of one liquid dispersed throughout another one referred to as the
continuous phase (Robins 2002). They are used in a wide spectrum of industrial
applications including production of pharmaceuticals, food, cosmetics and textiles.
Due to a small droplet size of the dispersed phase, the total interfacial area in the
emulsion is very large. Since the creation of interfacial area incurs a positive free
energy, the emulsions are usually thermodynamically unstable. Nevertheless, it is
possible to make highly stable emulsions by the use of emulsifiers. Emulsifiers
accumulate at the oil/water interface and make an energy barrier against flocculation
and coalescence of the droplets. The emulsifiers can be ionic, non-ionic or zwitterionic
surfactants, proteins or amphiphilic polymers (Somasundaran 2006). Midmore (2001)
observed that the addition of non-ionic surfactants, used to flocculate silica
dispersions, caused synergistic effects on the stability of oil-in-water (o/w) emulsions
containing silica.

In this study ZnO-SiO, synthetic oxide composites were obtained by precipitation
from emulsion. The reagents were water solutions of sodium silicate and zinc
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sulphate, cyclohexane (organic solvent) and non-ionic emulsifiers. The effects of
different modes of the reagent dosing were analysed. The main aim of the study was to
identify an emulsifier or a mixture of emulsifiers needed for the process of
precipitation and its or their amounts whose use would ensure getting a product of
optimum properties made of uniform particles of the smallest possible diameters.

2. Experimental
2.1. Materials

The reagents used to obtain ZnO-SiO, oxide composite were 5% water solutions of
zinc sulphate of analytical grade (Chempur) and sodium silicate of technological grade
(Vitrosilicon SA). The non-ionic surfactants were nonylphenylpolyoxyethyleneglycol
ethers of a medium oxyethylenation degree 3, 5 and 6 (NP3, NP5 and NP6) — Sigma
Aldrich. Cyclohexane of analytical grade was used as an organic solvent (POCh SA).

2.2. Methods of studies

The process of ZnO-SiO, precipitation was performed in a reactor of 0.5 dm®in
capacity, equipped in a high speed stirrer 1700 rpm (Eurostar Digital, IKA Werke), to
which a 5% solution of zinc sulphate or earlier prepared emulsion E1 were introduced.
Emulsion E1 was made by mixing 110 cm® of cyclohexane and 100 cm® of sodium
silicate to which NP3, NP5 or NP6 emulsifier or a mixture of two emulsifiers was
added. Using a peristaltic pump Ismatec ISM833A the reagents were introduced at a
constant rate of 4.2 cm*/min. Precipitation was performed at room temperature. A
scheme illustrating the synthesis of ZnO-SiO, composite is presented in Fig. 1.

Emulsion E1 Zinc sulphate solution

Precipitation reactor

Solvent removing by distillation

Destabilization of the
emulsion

Filtration, washing and
drying of obtained
Zn0-Si0,

Zno-Sio,

Fig. 1. Synthesis of ZnO-SiO, oxide composite from the emulsion systems
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The oxide composite ZnO-SiO, was characterised by determination of the particle
size distribution, surface morphology and wettability with water. The particle size
distribution was evaluated by measurements with the apparatuses Malvern Instruments
Ltd: Zetasizer Nano ZS (non-invasive backscattering method — NIBS) and Mastersizer
2000 (laser diffraction technique). Surface morphology of the surfaces of the products
studied was evaluated by scanning electron microscopy SEM (Zeiss VO40). The
colour of the products was classified with the use of a colorimeter Specbos 4000 (JETI
Technische Instrumente GmbH). Intensity of the colour was expressed in the CIE
L*a*b* system where L* describes lightness, C* colour saturation, h* colour hue and
+a informs about the contribution of red, -a — a contribution of green, +b — a
contribution of yellow. dE describes total color change which is a resultant of
differences in particular components (dL*, da*, db*). The profiles of ZnO-SiO,
sedimentation and wettability with water were measured with the help of a tensiometer
K100 (Kriiss) with special equipments. Chemical analysis of the products was made
by titration analysis with EDTA solution.

3. Results and discussion

In the first stage the synthesis of ZnO-SiO, composites was performed by
introducing E1 emulsion in the volume of 210 cm® into 200 cm? of a 5% solution of
ZnSO,. E1 emulsion was made with 110 cm® of cyclohexane and 100 cm?® of a 5%
sodium silicate solution with addition of surfactants NP3, NP5 or NP6. Table 1
presents the conditions of precipitation depending on the type of emulsifier and
particle size and polydispersity indices obtained at this stage of the study.

The particle size distribution of sample M1 according to intensity (Fig. 2a) reveals
three bands. The first covers the diameter range 255 — 295 nm, with the maximum
intensity of 4.2% for particles 255 nm in diameter. The second one covers the
diameter range 396 — 531 nm, with the maximum intensity of 7.7% for particles of
459 nm in diameter. The third band covers the range of diameters 1280 — 5560 nm and
has the maximum intensity of 8.4% for agglomerates of 1990 nm in diameter. For
sample M2 only one band is obtained covering the diameter range from 459 nm to
1280 nm, Fig. 2b, with the maximum intensity of 25.8% corresponding to particles of
825 nm. Sample M2 is characterised by a relatively low polydispersity index of 0.476,
which means that despite the presence of clusters of secondary agglomerates this
composite is rather homogeneous. The particle size distribution of M3 (Fig. 2c) has
only one band covering the diameters from 1720 to 3580 nm. Its maximum intensity
of 32.4% corresponds to agglomerates of 2300 nm in diameter. Fig. 2d shows the
particle size distribution for sample M4 with two bands. The first covers the range 68
nm — 92 nm, with the maximum intensity of 40.6% for particles of 79 nm in diameter,
while the second covers the range 4150 — 5560 nm, with the maximum intensity of
20.8% for secondary agglomerates of 5560 nm in diameter. For sample M5 the
particle size distribution shows two bands (Fig. 2e), the first covers the diameters from
220 to 396 nm, with the maximum intensity of 26.0% corresponding to particles of
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295 nm in diameter, while the second covers the range 531 — 712 nm, with the
maximum of 9.3% for particles of 615 nm in diameter.

Table 1. Analysis of particle size distribution and Pdl versus the type of emulsifier

Type/amount of emulsifier (g)

Sample Particle diameter (nm) PdI
NP3 NP5 NP6

255-295

M1 15 - 1.0 396-531 0.837

1280-5560
M2 - - 2.0 459-1280 0.476
M3 34 - - 1720-3580 0.807
68-92

M4 - 2.4 - 4150-5560 0.625
220-396

M5 14 1.2 - 531-712 0.879

Analysis of morphological and dispersive properties of ZnO-SiO, samples
synthesised with the use of one ether or a mixture of ethers has pointed to the
beneficial effect of using a mixture of non-ionic surfactants NP3 and NP5 on
nucleation of the crystal phase and formation of relatively uniform particles of small
diameters. In the same sample (M5) a drawback observed was the undesirable
tendency towards formation of secondary agglomerations, confirmed by a relatively
high polydispersity index PdI= 0.879 (Fig. 2f). In the ZnO-SiO, sample precipitated in
a water system in similar process conditions, the particle size changes from 225 to
351 nm and from 1350 to 2115 nm (Michalska 2003).

The beneficial effect of a mixture of emulsifiers NP3 and NP5 (sample M5) used in
the process of precipitation on the dispersion of ZnO-SiO, is best illustrated by the
particle size distribution curves recorded by Mastersizer 2000. As follows from Fig. 3,
sample M5 shows the presence of ZnO-SiO, particles of the smallest diameter of 8.7
um which in this sample bring the greatest volume contribution (5.7%).

Sedimentation is a phenomenon of free fall of solid particles in liquid and is used
to increase a density of suspension under the effect of gravitational field. The rate of
fall depends on the diameter and shape of particles and on the material density.
Figure 4a presents sedimentation profiles of the ZnO-SiO, samples studied as mass
increase vs. time. From the profiles the rate of particles fall can be determined.
Analysis of the curves shows that the greatest increase in mass over the same period is
noted for sample M1. The angle of the curve inclination to the X-axis is the smallest
for M1, which corresponds to the fastest sedimentation. For this sample the fast
sedimentation is related mainly to large size of particles and their shapes often differ
from spherical and can be close to other geometrical figures. Moreover, solid particles
of undefined shape can show a tendency to flocculation. The process of sedimentation
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was the slowest for sample M4, built of very fine particles and few secondary
agglomerates whose influence on the process of M4 sedimentation was negligible.
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Fig. 2. Particle size distributions according to intensity evaluated for ZnO-SiO, oxide composites
obtained on introducing E1 emulsion into zinc sulphate (a) M1, (b) M2, (c) M3, (d) M4,
(e) M5, (f) SEM image of M5 sample
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Fig. 3. Comparison of particle size distributions in micrometric range for ZnO-SiO, composites
precipitated on introducing E1 emulsion into zinc sulphate using different types of emulsifiers

2 5
0.006 .
————— Sample M1
0.005 Sample M2 2.0
............. Sample M3
Sample M4 ——
a et Sample M5 '__,-a" @ 1.5
Tt; - (23
0 0.003 /‘,/ g 1.0
g T et = |\ A 0 A ———— Sample M1
0.002 O et 0.5 Sample M2
,/‘_-"" ............. Sample M3
0.001 ’_,-' 0.0 Sample M4
v Sample M5
0000l
0 50 100 150 200 250 300 200 400 600 800 1000 1200
Time (s) Time (s)
(a) (b)

Fig. 4. Profiles of sedimentation (a) and wettability with water (b) for ZnO-SiO, oxide composites

precipitated by introducing E1 emulsion into zinc sulphate

Another important parameter determining the use of materials for certain
applications is the ability to absorb water. Much attention at many research centres has
been paid to obtain maximally hydrophobic powders by relatively simple and cheap
methods. Figure 4b presents the profiles of wettability with water recorded for the
Zn0-SiO, samples studied. The curves illustrate the ability to absorb water by
individual samples. The greatest mass increase in time was observed for sample M5,
which means that this sample has the greatest wettability. Most probably the presence
of relatively small particles showing a tendency to aggregation and their non-uniform
morphology are responsible for the high ability to absorb water. The most
hydrophobic was sample M2. Its hydrophobicity was related mostly to microstructural
differences or partial adsorption of non-ionic surfactants on the surface of ZnO-SiO,

particles.
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In the second stage of the study, the synthesis of ZnO-SiO, composites was
performed in a different mode; 200 cm? of zinc sulphate was introduced into 210 cm®
of E1 emulsion. E1 emulsion was made of 110 cm® cyclohexane and 100 cm® of a 5%
solution of sodium silicate with surfactants NP3, NP5 or NP6.

Table 2 presents the dispersion parameters for ZnO-SiO, samples precipitated with
different amount of emulsifier or a mixture of two emulsifiers.

Table 2. Analysis of particle size distributions and Pdl for different surfactants used in the process
of ZnO-SiO, samples synthesis

Type/amount of emulsifier (g)

Sample Particle diameter (nm) PdI
NP3 NP5 NP6
106-164
M6 15 - 1.0 712-5560 0.598
M7 - - 20 396-712 0.861
50-68
M8 3.4 - - 1280-5560 0.682
M9 - 2.4 - 220-342 0.910
M10 14 1.2 - 164-459 0.317

Figure 5a presents the particle size distribution according to intensity, obtained for
sample M6. It shows two bands covering diameters from the ranges 106 — 164 nm and
712 — 5560 nm. In the first band the maximum intensity of 2.5% corresponded to the
particle diameter 142 nm. The maximum intensity of 14.2% in the second band
corresponds to the particle diameter 2300 nm. Sample M6 is characterised by the low
polydispersity index (Pdl=0.598), which points to high homogeneity of the particles
despite the presence of secondary aggregates. The particle size distribution according
to intensity, recorded for M7 is presented in Fig. 5b. It shows one band covering the
diameter range 396 — 712 nm, with the maximum intensity of 32.3% corresponding to
531 nm. Figure 5c presents the SEM image of M7 confirming the presence of particles
of non-uniform structure. The particle size distribution of sample M8 (Fig. 5d) shows
two bands. One of them is relatively narrow and covers the diameters from the range
50 — 68 nm with the maximum of 9.6% corresponding to particles of 68 nm in
diameter. The other band covering the range 1280 — 5560 nm testifies to the presence
of secondary agglomerates. It maximum of 14.0% corresponds to agglomerates of
5560 nm in diameter. The particle size distribution obtained for sample M9, Fig. 5e,
shows one band covering the diameters 220 — 342 nm, with the maximum intensity of
37.8% corresponding to particles of 255 nm in diameter. Besides having single almost
spherical particles of small diameter (Fig. 5f), sample M9 shows a tendency to
flocculation hence its high polydispersity index of 0.910.
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Fig. 5. Particle size distributions according to intensity of ZnO-SiO, composites obtained by introducing
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(continued)
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Fig. 5. Continued
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The next plot is the particle size distribution of sample M10 (Fig. 5g). It has only

one band covering the particle diameters from 164

to 459 nm, reaching a maximum

intensity of 25.0% for particles of 255 nm in diameter. The lowest polydispersity
index (PdI=0.317) and small sizes of particles illustrate the beneficial effect of a
mixture of surfactants NP3 and NP5 on the process of ZnO-SiO, nucleation.

Zn0-SiO; has also been reported to be obtained from water systems with the use of
zinc chloride. The particle size distribution obtained for this sample showed the
highest intensities of 15.7% and 15.2% corresponding to particles of 531 nm and 220

nm, respectively. The non-uniform character of

its particles and a tendency to

formation of aggregates and agglomerates had direct influence on the surface activity
of the precipitated ZnO-SiO, (Sojka-Ledakowicz 2010).

"""" Sample M6 NP3 and NP6 7.6 pm -5.1%
Sample M7 NP6 19.9 um -5.0%
g *+ Sample M8 NP3 26.3 um -6.1%
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Fig. 6. Comparison of particle size distributions in the micrometric range for the samples obtained by
introducing zinc sulphate into E1 emulsion for different emulsifiers or their mixtures

The influence of surfactants on the size of ZnO-SiO, particles is best illustrated by
the particle size distribution curves plotted on the basis of laser diffraction
measurement data. Figure 6 shows the particle size distribution curves for the samples
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obtained with the use of different emulsifiers. The particle size distribution in the
micrometric range according to volume contribution of sample M8 showed that the
greatest volume contribution of 6.1% was brought by particles of 26.3 um in diameter.
In the sample M6 the smallest particles of diameters close to 7.6 um, bring a volume
contribution of 5.1%. These results illustrate the beneficial effect of emulsifiers NP3
and NP6 in the process of precipitation

The rate of a particle free fall depends on the physical properties of the liquid and
particle, in particular on the difference in their densities, on viscosity of the liquid and
size and shape of the particle. As follows from Fig. 7a, the sedimentation profile of
sample M6 is inclined at the smallest angle to the Y-axis, which means that in this
sample the rate of particles fall is the highest. The addition of a mixture of NP3 and
NP6 surfactants in the process of ZnO-SiO, precipitation irrespective of its mode,
favours the appearance of particles showing a tendency to fast falling. This
observation was interpreted as related most probably to a change in the interaction
between the solid particles or between the solid particles and the liquid. The lowest
sedimentation manifested by the smallest mass increase in time was noted for sample
M9. This sample is built of particles of the smallest diameters so their falling can be
more uniform. Moreover the use of NP5 emulsifier during precipitation (irrespective
of the direction of reagents introduction) influences the hydrodynamic interactions in
the systems studied.
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Fig. 7. Sedimentation profiles (a) and wettability with water (b) of ZnO-SiO, samples precipitated on
introducing zinc sulphate into E1 emulsion

On the basis of the wettability profiles shown in Fig. 7b the samples tendency to
absorb water (in other words their hydrophobic-hydrophilic properties) was
characterised. The greatest water absorption ability or greatest affinity to water was
observed for sample M10, which testifies to a high free energy of this composite. The
smallest mass increase in time was detected for M8, whose surface shows the weakest
interaction with water and hence poor water absorption. This behaviour of sample M8
can most probably be attributed by adsorption of NP3 surfactant on the particles of
Zn0O-SiO; leading to changes in the free energy of this composite.
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Table 3 presents the properties of ZnO-SiO, composites obtained, including bulk
density and percent contributions of the two oxide components in the appropriate
sample.

Table 3. Chemical compositions and bulk densities of ZnO-SiO, oxide composites

Chemical composition of ZnO-SiO, Bulk density
composites (%) (g/dm?®)
Sample

ZnO SiO, H,O
M1 25.2 52.8 22.0 25
M2 27.0 54.5 18.5 111
M3 24.8 53.8 214 134
M4 26.2 49.5 24.3 112
M5 28.5 51.0 20.5 91
M6 235 515 25.0 140
M7 24.0 514 24.6 149
M8 21.3 57.5 21.2 190
M9 27.8 55.9 16.3 122
M10 26.9 52.2 20.9 109

The greatest content of ZnO in the composites obtained is 28.5% in sample M5
which also shows the lowest bulk density of 91 g/dm?®. The greatest content of SiO,
reaching 57.5% is determined for sample M8 showing the highest bulk density of
190 g/dm®.

In ZnO-SiO, oxide composites obtained from 5% water solutions of zinc chloride
and sodium silicate, the greatest content of zinc oxide was 35.0 — 37.3%, while the
lowest 28.2 — 28.9%. The greatest percent contribution of silica in the samples
precipitated from water solutions was 56.7 — 58.8%, while the lowest was 49.0 —
49.5% (Laurentowska 2010). These data indicate that the percent contribution of
particular oxides depends first of all on the concentration of substrates and not on the
environment of the reaction.

Table 4 presents the colorimetric data on the ZnO-SiO, precipitated from the
emulsion systems.

Table 4 presents colorimetric properties of ZnO-SiO, samples ordered according to
the type of emulsifier used in the process of precipitation. The reference standard was
the ZnO-SiO, composite obtained upon introduction of a 5% solution of sodium
silicate to a 5% solution of zinc sulphate at 20°C. The lightness of all samples, L*
takes similar values for all samples. The highest L* (94.32) was observed for M6,
which also showed a greatest contribution of yellow, of 4.09. The lowest lightness L*
of 92.22 was found for sample M1. The contribution of red varied from 0.04 (sample
M8) to 0.42 (sample M9).
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Table 4. Colorimetric characterisation of ZnO-SiO, oxide composites precipitated from the emulsion
systems

Colorimetric properties

Sample

L* a* b* c* h* dE*
MO 93.83 0.26 2.75 2.76 84.53 -
M1 92.22 0.31 2.71 2.73 83.53 1.61
M2 92.76 0.26 2.96 2.97 84.99 1.09
M3 93.08 0.25 2.96 3.03 85.20 0.78
M4 93.96 0.34 3.35 3.36 84.13 0.53
M5 92.58 0.25 2.83 2.84 84.86 1.25
M6 94.32 0.21 4.09 4.10 87.12 1.32
M7 94.28 0.36 3.34 3.36 83.82 0.66
M8 93.43 0.04 3.03 3.03 89.23 0.50
M9 93.42 0.42 3.36 3.39 82.93 0.73
M10 92.39 0.17 2.63 2.63 86.21 1.44

4. Conclusions

The performed reactions of synthesis of ZnO-SiO, composites from emulsion
system gave products of particles whose diameters were mainly in the micrometric
range. The particle size analysis by NIBS method showed that the sample of the
smallest particles (220 — 342 nm) was obtained by introducing zinc sulphate into E1
emulsion with addition of emulsifier NP5, which proves a beneficial effect of NP5 on
dispersion and morphology of the composite. According to the results of the particle
size analysis by laser diffraction method, the direction of substrates introduction
significantly affects the process of precipitation. The SEM images confirmed the
presence of particles of micrometric sizes showing a tendency to formation of
agglomerates and aggregates. The hydrophobic or hydrophilic properties of the
products obtained were evaluated on the basis of profiles of wettability with water.
Differences in the hydrophobic-hydrophilic properties of the products were attributed
mainly by microstructural properties and partial adsorption of surfactants on the
particle surface. The rates of sedimentation obtained from the sedimentation profiles
permitted indirect characterisation of hydrodynamic interactions in the systems
studied. Colorimetric analysis provided the information on the colours of the oxide
composites studied and in particular confirmed the suitability of using ZnO-SiO, as a
white pigment of high lightness.
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Abstract. CaO-based sorbent looping cycle, i.e. cyclic calcination/carbonation, is one of the
most perspective technologies for CO, capture during coal combustion and gasification
processes. This study deals with different methods of enhancing CaO based sorbents activity.
We also present the results of our research on the use of dolomite from Siewierz and limestone
from Czatkowice. The limestone carbonation conversion in the initial cycles is worse than pure
CaO, but its carbon dioxide capture parameters are better than the parameters of dolomite.
Sintering appears to play a significant role in the decay of CaO-based sorbents. The annealing
effect for different sorbents was investigated. Tests were performed for calcium acetate,
calcium hydroxide, dolomite from Siewierz and pure CaO.

keywords: calcium looping, CO, capture, CaO-based sorbents

1. Introduction

Nowadays, global warming is considered to be an important problem of the world.
Extensive efforts are being made worldwide to reduce CO, emissions to the
atmosphere. About 75% of the anthropogenic CO, emissions to the atmosphere during
the past 20 years are due to fossil fuel burning (Solieman et al., 2009). It is widely
accepted that the CO, concentration was about 280 ppm before the Industrial
Revolution, and that it increased from 315 ppmv in 1950 to 355 ppmv in 1990. The
increasing use of fossil fuels to meet energy needs has led to increased atmospheric
CO, levels (Wang et al., 2010). CO, capture and sequestration is emerging as a viable
option to achieve very deep cuts in emissions that might be needed in the medium
term. This has led to proposals to capture the CO, from combustion gases, and then
release it separately in a concentrated stream, which can be fixed more efficiently than
diluted combustion gases (Shimizu et al., 1999). According to some research, CO,
capture and storage technologies (CCS) could reduce CO, emissions in industry
sectors by over 50% by 2050 (Florin and Harris, 2009). Therefore, reducing the CO,
emissions will be the greatest industrial challenge of the 21st century (Fang et al.,
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2009). Currently, the most common commercial technology to capture CO, is amine-
based absorption, but its application is limited to a small scale (102 Mg/day) and low
temperature (40-150°C). Alternatively, these drawbacks can be overcome by using
metal-oxide-based inorganic sorbents to capture CO; selectively from flue gas streams.
Suitable sorbents should exhibit fast carbonation and regeneration within the
temperature range of 200-800°C. To date, CaO-based sorbents have been the most
promising candidates for CO, capture and are cost-effective (Manovic and Anthony,
2008a). Because power plants are the biggest CO, emitters, the extensive efforts to
reduce CO, emission resulted in rapid development of carbon capture and storage
technologies. It is widely recognized that there is scope for large reductions in capture
costs by applying new concepts for separating carbon dioxide from combustion flue
gases in the capture system. The most popular separating systems are presented
in Fig. 1.

CO, separation
methods

Physical Chemical
PsA Absorption in Absorption in solid
selective solvents state sorbents
TSA 1 Ammonia Na-based L
scrubbing sorbents
Membrane
separation Amine / Ca-based —\;_
— scrubbing sorbents
\
Adsorption on
activated carbon Other metals oxide
| NaOH solvents based sorbents _

—— K,CO; solvents

L Na,CO; solvents

Fig. 1. The most popular CO, separating methods

There are three groups of technologies for carbon dioxide reduction from flue
gases:

a) post-combustion - carbonate looping processes are based on the capture of
carbon dioxide from the flue gases of an existing power plant.

b) pre-combustion - CO, can be captured prior to power generation, where fossil
fuels are decarbonised.

c) oxy-combustion of fuel in boilers or gas turbines with pure O, mixed with
recirculated exhausts (95-99%) separated from the air.
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2. CaO-based sorbents

Silaban et al. ( 1996) and Shimizu et al. (1999) proposed the use of calcium-based
sorbents to capture CO, from gases at high temperatures based on the reversibility of
the reaction:

Ca0 + CO, < CaCo, )

The basic carbonation/calcination loop was successfully tested in the Acceptor
Gasification Process in the USA during the late 1960s, in a 40 Mg/day pilot plant,
where the calcinations were conducted under air. In the case of the CO, post-
combustion capture system, the carbonation reaction makes use of CO, contained in
the exhaust gases of the boiler. The calcination of the formed CaCOg3, which is carried
out in a reactor where the part of the fuel is burned with oxygen, generates a
concentrated stream of CO, ready for storage (Li et al., 2009).

The adsorbent used in the capture system must have (Yong et al., 2002):

(1) high selectivity and adsorption capacity for carbon dioxide at high temperature;

(2) adequate adsorption/desorption kinetics for carbon dioxide at operating conditions;

(3) stable adsorption capacity of carbon dioxide after repeated adsorption/desorption
cycles;

(4) adequate mechanical strength of adsorbent particles after cyclic exposure to high
pressure streams;

(5) adequate pore size distribution and large pore volume;

(6) large active surface of sorbent.

The main advantages of the calcium sorbents obtained from limestone are:

— low price of sorbent (from limestone),

— non-toxicity and environmental impact,

— easy use in fluidized bed reactors,

— CO;, capture in temperature higher than 500°C (possibility of heat recovery),

— possibility to reuse the sorbent for cement production,

— possibility for CO, removal from flue gases and hydrogen production.

Because the equilibrium pressure of CO, at 1 atm (1013.25 hPa) occurs above
850°C, the process of calcination should be carried out just above this temperature. On
the other hand, using temperature higher than 950°C and long calcination times result
in a decrease in sorption capacity. However, absorption of CO, using CaO
(carbonation) can occur at temperatures above 600°C, which is undoubtedly a great
advantage of calcium sorbents (Salvador et al., 2004). The efficiency of the CO,
capture depends on many parameters i.e. diffusion resistance, which depends on the
size of sorbent particles, volume and the pore structure, as well as surface size and
reaction kinetics (Hughes et al., 2004). These parameters influence carbonation, but
many of them also influence calcination. Typical calcination/carbonation parameters
and research methods for different CaO precursors are shown in Table 1. As shown in
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the literature reports, the most important parameters characterizing the sorbents are
(Grasa and Abanades, 2006; Abanades et al., 2008; Alvarez and Abanades, 2005a):

- the chemical composition (pollution, doping),

- calcination temperature,

- calcination and carbonation time,

- reactor type (determines thermal stress of the sorbent particles),

- effective concentration of CO, during calcination.

Table 1. Summary of research methods and calcination/carbonation parameters

Calcination  Carbonation -, Calcination  Carbonation
Sorbent Conditions . - Ref.
temperature temperature time time
Kelly Rock CaCO3 TGA, thermal .
900°C 800°C i . . (Manovic et al.,
La Blanca CaCO3 (100%Ny,) (50%CO,) pre;:)e;tgmg, 10 min 30 min 2008a)
Kelly Rock CaCO4 TGA, thermal
La Blanca CaCO3 pretreating, .
Katowice CaCO; - - Flow rate 30 min 10 min (Man;(\)'(');; tal,
CO, 200cm®/min,
3g
Ca(OH), 950°C
(100% CO,)
700°C o 100 min (Grasaetal.,
Ca(CH:CO0), 850°C 650°C TGA, 20mg - 5 min 2007)
(30%CO0,)
Ca0-KMnO, 780-980°C 550-750°C
(21%0, (15%0, TGA 15 min 20 min (Lietal., 2010)
79%N,) 85%N,)
Ca(CH,CO0),= 900°C 690°C TGA, thermal (Martavaltzi and
Ca0-CajAly4033 pretreating - . . .
" 10 min 30 min Lemonidou,
Ca(OH)= 850°C 690°C 890°C, 2008)
Ca0-CajpAl4033 20 min, N,
CaC0;=Ca(CH;C00), 850°C - TGA, 0,1cm® 2h (Wu et al., 2005)
Ca(OH), 700°C
800°C 700°C TGA - - (Jiaet al., 2005)
900°C
CaCOs 600°C
700°C (Fang et al.,
o (15%CO0, TGA, 10mg
(100%N,) 859N, 2009)
Ca(CH;CO0),=> o o TGA, thermal .
Ca0-CajpAl14033 8(5,3 )C 6(9,\? )C pretreating 10 min 30 min (M;rtaglgitg)l et
2 2 900°C,1.5h B
CaO 300°C;325°C;
350°C;400°C;
450°C; (COy)
Ca(OH). 200°C:250°C; (Nikulshina et
300°C;350°C; - al,, 2007)
375°C;400°C; v
425°C;
(COy);
(50%H,0)
CaO= 600°C;650°C;
Ca0-CaypAl;14033 650°C 700°C . . (Li and Cai,
850°C (15%CO, TGA, 10-15 mg 5 min 30 min 2007)
85%N5,)
Ca0 920°C o000 | . .
Ca0= Ca(CH,CO0), 1100°C 600°C-700°C TGA (Li et al., 2009)

(continued)
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Table 1. Continued

CaO/NaOH 700°C 315°C TGA (Siriwardane et
(COy) (COy) al., 2007)
Kelly Rock Cacon 7350°C 750°C (Manovic and
(50%CO, o TGA 90 min 30 min
509N, (100%N,) Anthony, 2008b)
La Blanca CaCO3 (Alvarez and
960°C 650°C . .
TGA 10 min 30 min Abanades,
(100% CO,) (100% CO,) 2005a)
nano CaCO, o 650°C i
850°C (15% CO, TGA, 5mg 10 min 24h (Florin and
(N) 85% N,) Harris, 2009)
CaCO;=Ca0 o 600°C f i
Ca(OH),= Ca0 7(0,\‘|) )C (15%CO, TGA, 2,5mg 205’:1"“ 20 min Hg:?s”gggga)
nano CaO 2 85% Ny) '
Tamuin CaCO; 850°C 650°C . . (Bouquet et al.,
TGA 5 40 min 30 min
(N) (N) 9 2009)
Kozani CaCO3;_MgCO; 1005°C (Chrissafis and
Fermion 1200°C TGA 40mg Paraskevopoulos,
Mount.CaCO;_MgCO; 2005a)
?"Zaf" CaCO;_MgCO; 1100°C (Chrissafis et al.,
ermion (COy) TGA 2005b)
Moun.CaCO;_MgCO; 2
CaCO;3; (>98%) 650°C 20kg FCB (Abanades et al.,
(INCAR-CSIC) 2009)
Havelock CaCO;
Cadomin CaCOs4 N 700°C |
Kelly Rock CaCOs 850°C (15% CO, TGA 22-23g (Fang et al.,
Havelock (Ny) 85% Ny) CFBC 5kg 2009)
CaCO;+NaCl+Na,CO,
CaCO;_MgCO; o 5 80-100g (Fang et al.,
950°C 650°C Bubbling FBR 2009)
Purbeck CaCO3
Katowice CaCO; o o . .
Havelock CaCOs 900°C 650°C TGA 5 min 5 min (Wu et al., 2004)
Kelly Rock CaCOg
CaCO, .
SoyuzChimProm 800°C 800°C TGA 15 min 15 min (Lysikov etal,
- 2008)
(Russia)
CaCO; >900°C 2000 (Alonso et al.,
(COy) 600-700°C 20 kg CFBC 2010)
CaCO;3 Zi-Bo (China) 649°C
920°C (15%CO, CFB (Cao et al., 2010)
85% air)
CaCOj; Swabian Alp 630-700°C 850°C DBE (Cha;lg)ziz)ezt al.,

However, many studies showed that the capture capacity of CaO-based sorbents
decreases during operation cycles (Manovic et al., 2009; Florin and Harris, 2008b).
This is a major challenge for the future application of CaO-based technology for
capturing CO,. Therefore, it is required to improve sorbent reversibility for extended

operation purpose.

The carbonation process proceeds in micropores, on mesopores and on grain
boundaries (Bouquet et al., 2009; Manovic and Anthony, 2008c). Carbonation in
micropores proceeds up to pore filling. The limited capacity of the micropores has
been used by Bhatia and Perimutter (1983) to calculate the conversion level of
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carbonation after the calcination. Carbonation in the second region is limited by
carbon dioxide diffusion through a layer of CaCOs;. Critical layer thickness of the
product covering the walls of pores was determined by Alvarez, using a model
assuming cylindrical pores (Alvarez and Abanades, 2005b). In the process presented
in the paper (Florin and Harris 2008b), reagent CaCO; was used (Sigma-Aldrich) with
a grain size <45 um. Carbonation was conducted at 600°C, in 15% CO, in Ny, and
calcination at 700°C in N, atmosphere. Decrease in absorption capacity is associated
with sintering of the sorbent surface because of the influence of temperature, and the
reduction in porosity and active surface (Wang et al., 2010; Manovic et al., 2008a,b;
Alvarez and Abanades, 2005a; Manovic et al., 2009; Bouquet et al., 2009; Lysikov et
al., 2008; Stanmore and Gilot, 2005). Other factors that reduce the activity of sorbents
are the attrition of sorbent grains during the process and chemical inactivation. The
reaction with sulfur oxide (SO,) is competitive to the carbonation reaction (Li et al.,
2009; Manovic and Anthony, 2007, 2010a). Sulfurization and carbonation reactions
are similar because of being heterogeneous and occurring in the porous structure of the
sorbent. However, sulfurization is irreversible in the range 500-900°C, occurs in small
pores and covers the surface of the sorbent (Manovic and Anthony, 2010b; Adanez et
al., 1999; Patsias et al., 2005; Nimmo et al., 2004). Bouquet et al. (2009) developed a
simple micrograins model, describing the decline in capacity during subsequent cycles
of carbonation. His model predicts the active area of the sorbent surface after a certain
number of carbonations. However, Silaban et al. (1996) concluded that dolomite has
better properties than limestone as a sorbent, and this is due to differences in structure.
Further research in this field was conducted by Chrissafis et al. (2005a,b). He noted
that at the temperature of 1005°C sintering of the surface significantly reduces the
degree of carbonation of limestone, opposite to dolomite. Decrease in absorption
capacity after 45 cycles was 60% for limestone, 40% for dolomite and less than 20%
for huntite (Bandi et al., 2002).

Intensive research has been carried out to improve the performance of CaO-based
sorbents by enhancing the CaO conversion and reducing performance decay. The main
goal is to increase its porosity and surface area to enhance conversion. Designing
synthetic sorbents (carrying chemical promotions or applying specific processing
steps) to enhance performance stability is also a very important issue. The decrease in
CO, absorption by CaO can be limited in several ways. The factors which have the
greatest impact are:

— the kind of raw material used to obtain a calcium-based sorbent,

— thermal pretreatment of the sorbent,

— doping sorbent with Na,COs, NaCl, KCIl, KMnQOy,, MgCl,, CaCl,, Mg(NQOs).,

— steam reactivation,

— other metals contained in limestone,

— grain size of sorbent.

The impact of the raw compound on the properties of the calcium oxide obtained
was presented by Alvarez (Alvarez and Abanades, 2005a; Lu et al., 2006). In that
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research calcium oxide was prepared from precursors such as Ca(NOs),,
Ca(CH3C00),, CaCO; and Ca(OH),. As can be seen in the case of calcium oxide
obtained from calcium acetate, the degree of CaO conversion was close to 100% and it
corresponds to 76% CO, saturation. The properties of CaO obtained from calcium
acetate are better than the properties of CaO obtained from natural limestone - it has a
much better conversion (Manovic et al., 2008a) and greater durability (Li et al., 2009).
In addition, calcium acetate has a high uptake capacity, but its reversibility occurs
when the regeneration takes place under mild conditions (700°C in He) and the
carbonation reaction carries on long enough (about 300 min. per cycle). Martavaltzi
found that calcium acetate has a greater ability to capture CO, than Ca(OH), due to
differences in surface morphology (Martavaltzi and Lemonidou, 2008). Calcium
hydroxide has a large tortuosity of the surface, which inhibits the attachment of CO,
molecules to the active surface. Simultaneously, a key role in the pore structure of
calcium hydroxide is played by the heating rate and calcination temperature (Jia et al.,
2005). However, the decrease in maximum carbonation conversion for CaO obtained
from both sorbents limits their application (Wu et al., 2005). In the case of industrial
application of these absorbents it is necessary to use them in the form of pellets. The
comparison of calcium oxide in powder and pellet form has shown a higher sorption
capacity of sorbent in the powdered form (Wu et al., 2007). The sorption capacity of
the pellets can be significantly raised using steam reactivation of sorbent during cycles
(Manovic and Anthony, 2010b,c). As noted in paper of Manovic and Anthony,
(2010c) the effect of steam reactivation raised the conversion of carbonation from
25% to 75%. The advantage of the application of the CaO steam reactivation is that it
does not need to drain the excess water from the system. The sorbent does not require
drying and it is not degraded during this process (Manovic and Anthony, 2007).
Another way to increase the activity of absorption is the thermal pretreating of the
sorbent (Manovic et al., 2009, 2008a). As concluded in paper by Manovic et al.
(2009), sorbent annealing at temperatures 1000—1200°C reduces transformation
activity in the initial cycles. In subsequent cycles it results in abnormal conversion,
compared to not annealed sorbents. This is due to the increase in the hardness of
sorbent grains, and their viability in reactors (Manovic and Anthony, 2008b). This
phenomenon is more pronounced in the case of sorbents obtained by synthesis than
those obtained by grinding. Sorbent activity may be increased up to ~ 50% in 30
cycles. The phenomenon of increased conversion of sorbent with an increasing
number of cycles is called self-reactivation. The effect of heating of sorbent on its
viability and activity was also investigated by Manovic et al. (2009). Annealing was
performed in a tube furnace for the following temperatures: 900, 950, 1000 and
1100°C in the atmosphere of CO, and N,. It was found that better performance is
obtained for the sorbent heated in CO,. Alvarez and Abanades (2005c) determined that
the final conversion of CaO carbonation depends not only on the surface area but also
on its geometry. It should be noted that long periods between the normal cycles of
calcination decrease the activity of the sorbent (Florin and Harris, 2009; Manovic and



84 M. Kotyczka-Moranska , G.Tomaszewicz, G.Labojko

Anthony, 2008b). As already mentioned, one of the ways to prevent the reduction of
sorbent capacity is impregnation using solutions of Na,COs;, NaCl, KCI, KMnOy,,
MgCIQ, CaCIQ, Mg(N03)2

The experiments described in the literature do not allow to state clearly which of
the impregnation procedures makes it possible to obtain a low-cost sorbent,
characterized by very high efficiency in CO, capture and long life. As concluded by Li
et al. (2010), CaCO; impregnated with KMnO, shows a greater capacity for CO,
uptake only in the temperature range from 660°C to 710°C. In this range of
temperature a sorbent has a longer viability than the undoped one. However, above
this temperature the sorbent does not show a satisfactory performance. Also,
impregnation of the sorbents with Na,CO; and NaCl solution can improve their
performance, but only when the sorbent is doped with a very small amount of
impregnating salt (Salvador et al., 2003; Seo et al., 2007; Fennell et al., 2007). After
the steam rehydration, sorbents doped with NaCl and Na,CO; can be operated at
temperatures of 130-300°C for calcination and 50°C for carbonation (Seo et al.,
2007). The experiments carried out with commercially available Aldrich calcium
oxide as a sorbent showed its good absorption properties. The systems containing
metal oxides of the first group of the periodic table (Li, Na, K, Rb, Cs) were also
prepared. Their application results in an increase in the sorption capacity of CaO with
an increase in the atomic radius of the doping metal. Thus, calcium oxide doped with
cesium oxide showed the largest sorption capacity of all these compounds. The kind of
cesium oxide precursor also influences the absorption capacity of CaO. The absorption
capacity is the best for CsOH. Also important was the percentage of doping. It was
found that for a sorbent with the highest absorption capacity the content was 20%
(Reddy and Smirniotis, 2004). Using mixed alumina and calcium (Ca;,Al14O33) as a
carrier of calcium oxide led to a significant improvement in regenerative properties of
calcium-based sorbent. Also in this case the kind of precursor of calcium oxide (CaO,
Ca(CH3C00),, CaCO; and Ca(OH),) influences the absorption capacity. Calcination
temperature influences the volume and surface area of sorbent. Together with the
increase in temperature, active surface decreases, and consequently the sorption
capacity is reduced. In order to maintain relatively high absorption capacity of the
sorbent, a weight ratio 75:25 of CaO: Ca;»Al14033 should be used (Li et al., 2006).
Thermal stability of pure calcium oxide - although it showed a high absorption
capacity —was not satisfactory, either. In the following cleaning cycles (apart from the
initial one), a gradual decrease in the absorption capacity of CaO was observed. In the
case of calcium oxide deposited on a mixed oxide of calcium and aluminum, the
absorption capacity lower than the capacity of pure CaO was observed. The number of
cycles does not affect its sorption capacity, either. In an experiment executed with
Ca0-CayAl4033, during 45 cycles CO, carbonation and regeneration activity of
sorbent was almost constant. As already mentioned, the particle size of sorbent used
also influences the degree of carbonation. The effect of a different grain size of
limestone on the degree of carbonation was shown in paper (Grasa et al., 2008). With
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the increase in the grain size the resistance of CO, diffusion inside CaO particles also
increases and consequently the degree of conversion is reduced. Table 2 presents the
literature review of CaO-based sorbents granulation used in experiments.

Table 2. Summary of sorbent granulation based in literature data

Sorbent Grain size pm Ref.
Kelly Rock CaCOj3 300-425 .
La Blanca CaCOs 400-600 (Manovic etal., 20082)
Kelly Rock CaCO; 300-425
La Blanca CaCO; 400-600 (Manovic et al., 2009)
Katowice CaCO3 400-800
CaO 17,3
Ca(OH), 156 (Grasa et al., 2007)
Kelly Rock CaCO; 75-150 (Manovic and Anthony, 2008b)
La Blanca CaCO3; 400-600 (Alvarez and Abanades, 2005c)
nano CaCOj3; 0,04 (Florin and Harris, 2009)
Tamuin CaCO; 125-160 (Bougquet et al., 2009)
Kozani CaCO;_MgCO; s
Fermion Mount.CaCO;_MgCOs <125 (Chrissafis and Paraskevopoulos, 2005a)
CaCO3 <350 (Abanades et al., 2009)
CaCO3;_MgCO; 200-450 (Fang et al., 2009)
Havelock CaCO; 250-425 (Symonds et al., 2009)
Havelock CaCO; 400-800 (Manovic et al., 2008c)
100-250
La Blanca CaCO4 400-600 (Abanades and Alvarez, 2003)
600-800
- 800-900
ReaChim CaCO; 250-300 (Okunev et al., 2008)
Havelock CaCOg3
Kelly Rock CaCO; 650-1675 (Salvador et al., 2003)
Cadomin CaCO;
Purbeck CaCO4 710-1000
Katowice CaCOg3 400-800
Havelock CaCOs, 710-1000 (Alonso et al., 2010)
Kelly Rock CaCO; 600-800
SoyuzChimProm CaCO; (Russia) 3-10 (Lietal., 2010)
CaCO; <350 (Nimmo et al., 2004)
Zi-Bo CaCO;3(China) 250-1000 (Grasa et al., 2008)

CaCOj; Swabian Alp (Germany) 340 (Charitos et al., 2010)
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3. Results and conclusions

In our study we examined the degree of carbonation of the dolomite from Siewierz,
limestone from Czatkowice and pure calcium oxide (POCH S.A.). The experiments
were performed using thermogravimetric analyzer Netzsch STA 409 PG. Sorbents
were tested alternately during carbonation and calcination with heating and cooling
rate of 20 K/min. Carbonation was conducted at 600°C, in 50% CO, in N,, and
calcination at 900°C in N, atmosphere. The results are shown in Figure 2.
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Fig. 2. Comparison of the degree of carbonation conversion of limestone, dolomite and CaO

As can be seen, although the limestone carbonation conversion in the initial cycles
is worse than pure CaO, its CO, capture parameters are better than the parameters of
dolomite. Decrease in the carbonation conversion is associated with sintering of the
sorbent active surface. Moreover, annealing effect for different sorbents was
investigated. Tests were performed for calcium acetate, calcium hydroxide, dolomite
from Siewierz and pure CaO. Sorbents were thermally pretreated in 1000°C for 1h.
The results are shown in Figure 3. In our experiments pre-sintering at 1000°C resulted
in a significant drop in conversion in the first CO,-capture reaction followed by an
enhancement through ~10 cycles. The results are similar to these published by
Manovic and Anthony (2008d).

The technology using lime in cyclic post-combustion capture is only about 15 years
old. It seems that the technology will be developed widely in the nearest future and
will be able to offer an economical CO, removal method using lime-based solids.
Calcines of natural limestone can be used as high-temperature sorbents to capture CO,
at the wide range of parameters. However, the decay of their maximum carbonation
conversion during many carbonation/calcination cycles can limit their applicability.
There is a close similarity between the conversion decay trends obtained in our
research and that of other authors using different starting limestones. The decay of
CaO-based sorbents ability to absorb CO, during the cycles is comparable to pure
Ca0. It was found that neither limestone from Czatkowice nor dolomite from Siewierz
are effective for capturing CO,.
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Abstract. The facilitated transport of Cu(ll), Zn(ll), Co(ll), and Ni(ll) ions from different
aqueous nitrate source phases (cye = 0.001M, pH 6.0) across polymer inclusion membranes
(PIMs) consisting of cellulose triacetate (support) and 2-nitrophenylpentyl ether (plasticizer)
doped with 1-decyl-2-methylimidazol as ion carrier was reported. The membrane is
characterised by atomic force microscopy (AFM) and thermal analysis (DTA and TG)
techniques. The results show that Cu®" can be separated very effectively from other transition
metal cations as Zn®*, Co*, and Ni*" from different equimolar mixtures of these ions. The
recovery factor of Cu®* ions during transport across PIM from different mixture is equal to 92-
95.1%. The comparative transport of Cu(ll), Zn(Il), Co(ll), and Ni(ll) ions from aqueous
nitrate source phase across supported (SLMs) containing 1-decyl-2-methylimidazol as ion
carrier was reported.

keywords: polymer inclusion membrane (PIM), supported liquid membrane (SLM), separation
ions, copper(ll), zinc(11), nickel(I1), cobalt(ll), imidazole derivatives

1. Introduction

Liquid membrane techniques are slowly though continuously becoming a very
important and promising alternative to solvent extraction for metal ions recovery and
separation from aqueous solutions. In recent years a remarkable increase in the
application of emulsion membranes for zinc(ll) recovery from spent solutions after the
production of cellulose fibres has been observed. Moreover, pilot plants for Zn(ll)
recovery from the zinc production process and for the recovery of metals (including
zinc, copper, cobalt cadmium and lead) from spent water generated in municipal waste
incineration plants was activated. The wider use of liquid membranes in practice is
considerably limited by their low durability and instability of operation, resulting
mainly from their structures and compositions. It is important now to enhance the
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stability of liquid membranes and extend the time of their operation, so that they could
be used in practice, because, as has been demonstrated by numerous studies (Kislik,
2010; Nghiem et al., 2006), separation of many metals is possible in the process of
transport through liquid membranes.

As metal ion carriers in the membrane processes, the same organic substances as
those used in extraction processes are employed (Walkowiak et al., 2002). For the
separation of nonferrous ions in the liqguid membrane transport process both classical
and new types of carriers are used (Nghiem et al., 2006). Commercial carriers of metal
cations commonly used in the membrane technique enable the effective separation of
ions but their selectivity is rather poor. Therefore, new complexing reagents are
searched which selectively separate metal ions from aqueous solutions.

Gherrou et al. (2002) reported on the selective proton-driven transport of silver(l)
ions in presence of nonferrous cations (Cu®*, Zn?*) across supported membranes with
DB18C6. The transport selectivity of SLM was as follows: Ag" > Cu®* > zZn?".
Gherrou et al. (2005) also obtained optimal compositions of the polymer membrane
for copper(I1) transported using DB18C6. Selective facilitated transport of Cu** across
PLM with 1, 10-didecyl-1,10diaza-18-crown-6 or 1,7-diaza-15-crown-5 as ion carrier
was studied by Parthasarathy and Buffle (1991) as well as Dadfarnia and Shamsipur
(1992). The competitive transport of Cu®* from solutions containing Mn®*, Co?, Cd%,
Ni?*, and Pb*" ions across bulk liquid membrane doped with DA18C6 was observed
by Cho et al. (1988). Ulewicz et al. (2004) examined the competitive transport of Cd**
from solutions containing Zn®** and Cu®" ions from aqueous chloride source phase
through polymer inclusion membranes containing side-armed lariat ether-type
derivatives of diphosphaza-16-crown-6 as ion carrier. The initial fluxes of all
investigated cations increase with the acidity of the feed phase and the selectivity
order was as follows: Cd(11) > Zn(11) > Cu(ll).

The cations Zn*, Pb**, Cu®*, Ni**, Co®* and Cd** which are transported across
PIMs containing azocrown and thioazocrown imidazole derivatives were investigated
by Ulewicz et al. (2007, 2009). The linear decrease in the values of the initial metal
ions transport fluxes was observed with the increase in the hydrophilic-hydrophobic
balance (HLB) index of the imidazole crown ether derivatives. The transport
selectivity of PIM with azocrown imidazole was as follows Pb(Il) > Zn(ll) > Cu(ll) >
Co(I) > Ni(ll) > Cd(Il). Recently, pyrrole azocrown ethers in ordinary bulk
membrane systems were also found to preferentially transport lead(ll) from equimolar
mixture of Co?*, Ni**, Cu?*, Zn*, Cd**, Ag" and Pb* ions (Luboch et al., 2006).

The results of the authors’ investigation of the separation of nonferrous metal ions
using l-alkylimidazoles as ion carriers are presented in their previous work (Ulewicz
and Radzyminska-Lenarcik, 2011). In this work, the authors present the results of their
investigation of the competitive transport of copper(ll), zinc(ll), cobalt(ll), and
nickel(ll) ions across inclusion membranes containing 1-dodecyl-2-methylimidazoles
from dilute nitrate solutions.
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2. Experimental
2.1. Reagents

The inorganic chemicals, i.e. copper(Il), zinc(ll), nickel(ll), and cobalt(ll) nitrate
were of analytical grade and were purchased from POCh (Gliwice, Poland). The
organic reagents, i.e. cellulose triacetate (CTA), o-nitrophenylphentyl ether (0-NPPE)
and dichloromethane were also of analytical grade and were purchased from Fluka and
used without further purification. The 1-decyl-2-methylimidazol was synthesized
according to a method reported in the literature (Pernak et al. 1987).

2.2. Supported and polymer membrane preparation and characterization

The polymer membranes were prepared according to the procedure reported in the
previous paper (Ulewicz et al., 2007). A solution of cellulose triacetate as the support,
plasticizer and 1-decyl-2-methylimidazol as ion carrier in dichloromethane was
prepared. A specified portion of this solution was poured into a membrane mould
comprised of a 9.0 cm in diameter glass ring placed on a glass plate with cellulose
triacetate-dichloromethane glue. After slow solvent evaporation overnight the
resulting membrane was peeled off from the glass plate by immersion in cold water.
Then the membrane was soaked for 12 hours in distilled water to achieve their
homogeneity. Microporous polypropylene membrane Celgard 2500 (Celgard, LLC)
was used as the solid support. The membrane was soaked for 24 h in 1.0 M 1-decyl-2-
methylimidazol in dichloromethane. Two samples of PIM and SLM membrane were
cut from the same membrane film for duplicate transport experiments.

A surface characterization study of the membranes was performed by atomic force
microscopy (AFM) according to the procedure described in our earlier paper (Ulewicz
et al., 2010). The analysis of surface pore characteristics of polymer membrane was
made using the AFM image processing program NanoScope v.5.12, which enabled the
calculation of two parameters, roughness (Ry) and porosity (¢). The PIM’s thermal
analysis in nitrogen atmosphere (150 cm®min) were done using Netzsch TG 209 F3
Tarsus. Scanning speed was 15°C/min.

2.3. Transport studies

Transport experiments were carried out in a permeation module cell described in
our earlier paper (Ulewicz et al., 2007). The membrane film (at surface area of
4.9 cm®) was tightly clamped between two cell compartments. Both, i.e. the source
and receiving aqueous phases (45 cm® each) were mechanically stirred at 600 rpm.
The receiving phase was deionized water. The SLM and PIM transport experiments
were carried out at the temperature of 20+ 0.2°C. Metal concentration was
determined by withdrawing small samples (0.1 cm® each) of the aqueous receiving
phase at different time intervals and analysing by atomic absorption spectroscopy
method (AAS Spectrometer, Solaar 939, Unicam). The source phase pH was kept
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constant (pH = 5.0) and controlled by pH meter (pH meter, CX-731 Elmetron, with
combine pH electrode, ERH-126, Hydromet, Poland). The permeability coefficient (P,
m/s) of metal ions across membranes was described by the following equation

(Danesi, 1984-85):
c A
hf—|=——-P-t, 1
( J v 1)

where ¢ is the metal ions concentration (M) in the source aqueous phase at some given
time, ¢; is the initial metal ions concentration in the source phase, t is the time of
transport (s), V is volume of the aqueous source phase (m®), and A is an effective area
of membrane (m?).

A linear dependence of In(c/c;) in the source phase versus time was obtained and
the permeability coefficient was calculated from the slope of the straight line that fits
the experimental data. The initial flux (J;) was determined as equal to:

J,=P-c,. )

The selectivity coefficient (S) was defined as the ratio of initial fluxes for M1 and
M2 metal ions, respectively:

S=Jim/Jimz- )
To describe the efficiency of metal removal from the source phase, the recovery factor
(RF) was calculated:

c,—c¢

RF = -100% (4)

The reported values correspond to the average values of three replicates, with the
standard deviation within 5%.

3. Results and discussion

The imidazole ring is a stable molecule that, according to Pearson’s HSAB
principle, is ranged among the intermediate class of bases. Although its basicity is by
an order of magnitude lower than that of ammonia, imidazole forms more stable
complexes with metal ions belonging to the intermediate class of Pearson’s acids
(Schaekers et al., 2004). Decyl substituents at position 1 of the imidazole ring
distinctly affect the hydrophobic properties of the molecule and weakly strengthen its
basicity (pKy = 7.43) (Lenarcik and Ojczenasz, 2002). An additional methyl
substituent at position 2 of the imidazole ring has been found to increase basicity by
one order of magnitude, compared with that of 1-decylimidazoles (pK, = 8.47), though
at the same time the stability of the 1-decyl-2-methylimidazole complexes declined



Application of supported and polymer membrane with 1 decyl-2-methylimidazole ... 95

due to the effect of my_, back-bonding and the steric effect of the subsituent at
position 2.

The initial flux transport of Cu®*, Zn*, Co?" and Ni* ions across the polymer
inclusion membrane doped with 1-decyl-2-methylimidazole vs. 2-nitrophenyl pentyl
ether concentration is shown in Fig. 1. As can be seen, 53.4% of the plasticizer in the
membrane containing the imidazole derivative is an optimal concentration. Neither too
low nor too high concentrations of the plasticizer in the membrane are desirable.
Below this concentration an anti-softening effect occurs and the membrane becomes
very brittle. Also, an excess of the plasticizer proved to be negative, because the
plasticizer migrating into the aqueous phase formed at the interface of a barrier to the
transfer of the metal ions. Furthermore, an increase in the plasticizer concentration
resulted in an excessive increase in the thickness of the membrane, which also
adversely affects the stream of ionic transfer. A similar phenomenon has also been
reported by Gyves et al. (2006) during the transfer of Cu* across a membrane
containing LIX 84 using tri-n-butoxyethyl phosphate (TBEP) as a plasticizer and by
Gherrou et al. (2005) across a polymeric membrane containing DB18C6 using 2-
nitrooctyl ether (0NPOE) as a plasticizer.

The AFM image of PIM’s consists of 53.4% plasticizer, 20% CTA and 26.6% 1-
decyl-2-methylimidazol in a two-dimensional form with the format 5.0 X 5.0 um
shown in Fig.2. The porosity (&) and roughness (Ry) of the polymer membrane were
calculated using atomic force microscopy (AFM) and were equal to 17.2% and 6.8
nm, respectively. The effective pore size was 0.064um. The distribution of the carrier
in the investigated membrane after evaporation of dichloromethane is homogeneous
on the entire surface. The membrane tortuosity was determined from the relationship
developed by Wolf and Strieder (1990): r=1-Ing and equal to 2.76 (for £ = 0.172).
The values of initial fluxes, selectivity order and selectivity ratio for the competitive
transport of divalent metal ions from different equimolar mixtures across PIM doped
with 1-decyl-2-methylimidazol are summarised in Table 1. The values of initial fluxes
of Cu(ll) ions transport across PIM are higher than any of the components of the
investigated equimolar mixtures. The selectivity order of metal ions transported from a
mixture containing three metal ions decreases in the sequence: Cu(ll) > Co(ll) > Ni(ll),
whereas from the mixture containing four metal ions — in the sequence: Cu(ll) > Zn(1I)
> Co(ll), Ni(ll). The stability constants (logB;) of Co(ll), Ni(ll), and the Zn(Il)
complexes with 1-decylimidazole and 1-decyl-2-methylimidazole are presented in
Table 2 (Lenarcik and Ojczenasz, 2004; Lenarcik and Kierzkowska, 2004, 2006;
Radzyminska-Lenarcik, 2007, 2008, 2011). The stability constants of the 1-decyl-2-
methylimidazole complexes are lower, compared with those of 1-decylimidazole,
except Zn(ll) ion. The steric effect of the substituent at position 2 decreases the
stability constants of octahedral complexes of all the metals studied though it does not
hinder the formation of tetrahedral species. Therefore, the Co (I1), Zn (1) and Cu (I1)
ions, which are able to form such compounds, have larger overall stability constants.
The formation of tetrahedral complexes with 1-alkylimidazoles has been proven for
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the Co (II), Zn (I1) and Cu (Il) ions (Lenarcik and Ojczenasz, 2004; Lenarcik and
Kierzkowska, 2004; Lenarcik and Rauckyte, 2004; Radzyminska-Lenarcik, 2007). It
seems that the initial flux values correspond to those of the stability constants of the
complexes.

The highest percentage removals Cu®* was obtained from the source phase
containing an equimolar mixture of three metal ions and was equal to 95.1%.
Recovery factors for Ni(ll) and Co(ll) were not very high, they did not exceed 24%.
The percentage removals of Cu?* from the source phase containing an equimolar
mixture Cu?*-Zn?*, and Cu**-Zn**-Co?*"-Ni** ions were above 92%.
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Fig. 1. Summary initial flux for competitive transport of Zn?*, Co?*, Cu?*, and Ni?*" ions transport across
PIM doped with 1-decyl-2-methylimidazol vs. of plasticizer concentration, membrane: 7.65 mg/cm? CTA
and 2.26 mg /cm? 1-decyl-2-methylimidazole
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Fig. 2. 2D atomic force microscopy for PIM with 1-decyl-2-methylimidazole
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Table 1. Initial fluxes, selectivity order and selectivity coefficients for competitive transport of Cu(ll),
Zn(11), Co(l1), and Ni(Il) ions across PIM doped with 1-decyl-2-methylimidazole; membrane: 53.4%
plasticizer, 20% CTA and 26.6% 1-decyl-2-methylimidazole

Mixture Metal ions J, umol/m?-s Scugymen

cu(n 2.89 Cu(Ily > Co(Il) > Ni(Il)

1 Co(ll) 0.28 10.3 13.8
Ni(I1) 0.21

) cu(ll) 2.36 cu(in > Zn(Il)
zn(l) 0.92 2.6
cu(l 235

3 zn(l) 0.81 cu(ll) > zn(l1) > Co(l), Ni(ll)
Co(I) 0.18 29 131
Ni(ll) 0.18

Table 2. Comparison of the stability constants (log ;) of Co(ll), Ni(Il), Cu(ll), and Zn(Il) complexes
with 1-decylimidazole and 1-decyl-2-methylimidazole

Co(ll) Ni(I1) Cu(ll) Zn(1l)
1-decylimidazole 4.67 4.24 4.15 4.28
1-decyl-2-methylimidazole 3.32 2.68 3.54 5.1

The thermal stability of the polymeric membrane has also been examined (Fig. 3).
In general, the thermal stability of polymeric membranes depends on the networking
as well as on the presence of aromatic rings and degradable functional groups.
Degradation of the CTA membrane proceeds in two steps. The first step extends over
the temperature range of 292-320°C (the main step) and the other does over the range
of 450-476°C (charring of dust) (Gharrou et al., 2004 and 2005, Arous et al., 2004).
Other authors have reported a single degradation step only of a cellulose triacetate
membrane at 300°C (Benosmane et al., 2009), although only ca 80% of CTA had been
degraded at that temperature. Also a degradation tempeature of 350°C can be found
for CTA in the literature (Resina et al., 2007). CTA-oNPE membranes containing 1-
decyl-2-methylimidazole underwent degradation to an extent of 80.09% at 251.3°C
and to 5.12% at 359.1°C. The onset of degradation of that membrane has also been
recorded at 192.1°C (in 71.69%) and charring of the products at 361.2°C (with a
19.89% loss in weight).

Then a comparative study was made of the separation of the d-electron metal ions
during their transfer across Celgard-2500-based membranes. The AFM image of SLM
in a two-dimensional form with the format 5.0x5.0 um is shown in Fig.4. The
membrane Celgard 2500 was characterized by porosity 0.55, thickness 25 um, and
effective pore size 0.209x0.054 pum. The SLM membrane tortuosity was determined
also from the relationship developed by Wolf and Strieder (1990) and was found to be
equal to 1.60 (for £=0.550). The values of initial fluxes, selectivity order and
selectivity ratio for the competitive transport of divalent metal ions from different
equimolar mixtures across SLM containing 1-decyl-2-methylimidazol are summarised
in Table 3. As it is seen from these Tables, the values of initial fluxes of Cu(ll) ions
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are higher than that for any of the other components of the mixture. For a mixture of
the fourth metal ion, the initial fluxes of metal ions transport across SLMs with 1-decyl-
2-methylimidazole decreases in the sequence: Cu(ll) > Zn(ll) > Co(ll) > Ni(ll). The
selectivity coefficient Cu®* of other divalent metal ions during transport across SLM
are lower than that across PIM. The percentage of removals of Cu?* from the source
phase after 24h obtained for this (1, 2 and 3) mixture are 82.7; 77.2 and 82.0%,
respectively.
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Fig. 3. Thermograms of CTA-oNPPE and CTA-oNPPE -1-decyl-2-methylimidazole
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Fig. 4. 2D atomic force microscopy for SLM with 1-decyl-2-methylimidazole
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To compare the magnitude of the stream of ionic transfer across Celgard-2500-
based membranes and polymeric ones, structural differences between them should be
accounted for (Tayeb et al., 2005). Because the carrier concentrations in both
membranes are equal, a standardized stream of the transfer across the membranes can
be described by the following equation (Tayeb et al., 2005)

o Zom __fam )

Jy =J .
(PIM) exp(PIM)
PIM R TY

where d is the thickness of the membrane, & denotes porosity and 7 is tortuosity.

The normalized PIM flux calculated by Eq.(5) for Cu** from the mixture 1, 2 and 3
were 0.437; 0.357 and 0.355 umol/m?s, respectively. Accordingly, the stream of the
transfer of Cu® ions across Accurel-based membranes is larger than that across
polymeric ones. The finding is compatible with that of Tayeb et al. (2005) reported for
the transfer of Cd?* ions across membranes with low concentrations of a Lasalocid A
carrier. On the other hand, larger streams of the transfer of alkali metal ions across
membranes with the DC18C6 ether than those across Celgard-2500-based membranes
have been reported by Schow et al. (1996) and by Kim et al. (2000) who studied the
transfer of Cs™ ions across membranes doped with a calix[4]-crown-6 derivative.
However, the authors did not account for the structural features of the membranes. The
advantage of the polymeric membranes over the carrier-based ones is their stable
performance. From the latter, the carrier is washed off already during the first cycle of
operation and its re-use is possible only after a repeated immobilization of the carrier
in the pores of the polypropylene film. On the other hand, the polymeric membranes
(PIM) can be re-used and the stream of the Cu?" transfer does not diminish during
another cycle of operation.

Table 3. Initial fluxes, selectivity order and selectivity coefficients for competitive transport of Cu(ll),
Zn(11), Co(l1), and Ni(Il) ions across SLM containing 0.5 M 1-decyl-2-methylimidazole

Mixture Metal ions J, umol/m?-s Scugyme

1 cu(in 1.75 cu(ll) >> Co(Il) > Ni(ll)
co(Il) 0.51 34 45
Ni(ll) 0.39

2 cu(i 1.54 Cu(iny > zn(In
zn(l1) 0.91 17
cu(l) 1.23

3 zn(l) 0.74 cu(ll) > zn(I1) > Co(ll) > Ni(l1)
Co(ll) 0.15 16 82 88
Ni(I1) 0.14

4. Conclusion

Copper(Il) cations can be effectively removed from aqueous nitrate solutions in the
hydrometallurgical process of supported and polymer inclusion membrane transport
with 1-decyl-2-methylimidazol as ion carriers. The optimum composition of
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membranes is 53.4% plasticizer, 20% CTA and 26.6% 1-decyl-2-methylimidazole.
The selectivity coefficients of Cu®*/Zn®*, Cu**/Co®* and Cu®/Ni** obtained during
transport across polymer membranes are higher then supported membranes containing
a carrier at the same concentration.The percentage removals of Cu®* from the source
phase containing an equimolar mixture Cu®**-Zn®*, and Cu?*-Zn*-Co?*-Ni** ions were
above 92%. Owing to the steric effect, 1-decyl-2-methylimidazole fairly well
differentiates the properties of its complexes with Co(ll), Ni(ll), Cu(ll) and Zn(ll).
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Abstract. Adsorption of C.I. Basic Blue 9 (Methylene Blue Hydrate) on the surface of TiO,—
SiO, oxide composite unmodified or functionalized with N-2-(aminoethyl)-3-amino
propyltrimethoxsysilane was investigated. The organic dye was supported on inorganic TiO,—
SiO, oxide composite precipitated in the emulsion system. The process of adsorption was
performed for the dye concentrations from 100 to 3000 mg/dm°. Specific surface area of
support was determined prior to and after modification with aminosilane. The pigments
obtained were subjected to characterization of their physicochemical properties, including
particle size distributions and surface morphology as well as colorimetric analysis. Elemental
analysis allowed evaluation of the degree of support coverage with the dye. The data obtained
permitted assessment of the pigments quality and the effectiveness of support surface
modification.

keywords: TiO,-SiO, oxide composite, emulsion precipitation, adsorption, C.I. Basic Blue 9,
pigments, morphological properties

1. Introduction

At many research groups intense investigation is carried out aimed at obtaining of
inorganic fillers characterized with relatively high surface activity, based on activated
carbon, SiO,, TiO,, Al,O3;, MgO, MgSIiO; etc. (Malik 2002; Wu 2006; Jesionowski
2009a, 2009b; Siwinska-Stefanska 2010; Ciesielczyk 2011; Pilarska 2011).

Titanium dioxide is well known not only as a filler or support but also as a
photocatalyst used in the processes of air or wastewater purification (Cho 2008). TiO,
exists in three crystallographic forms of anatase, rutile and brookite. To improve its
properties suitable for particular application as a component of paints or cosmetic
products, its surface is covered with a layer of inert oxide (e.g. SiO,) to make a
composite containing a =Ti—O-Si= bond.
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Most often produced inorganic oxides are titanium-silica (TiO,—SiO,), titanium-
zirconium (TiO,—ZrO,) and titanium-aluminium (TiO,—Al,O3) oxide composites.
Coverage of titanium core with a silica layer can reduce the photocatalytic properties
of TiO,, while addition of silicon dioxide increases TiO, resistance to atmospheric
elements and facilitates dispersion in liquids.

Many methods for the synthesis of titania-silica composite have been proposed,
including the sol-gel method (Dutoit 1995) and chemical precipitation method (Liu
2008). Recently an interesting proposed method is the synthesis of TiO,-SiO, from
emulsion system using solutions of sodium silicate and titanium sulphate as Si and Ti
precursors, and an organic solvent has been performed (Siwinska-Stefanska 2010).

Among others, titania-silica support has been used for adsorption of dyes to get
hybrid pigments of widespread use in food and cosmetic industry, in production of
lacquers, etc. The pigments have been also employed for colouration of plastics, while
in food industry for colouration of food products and drinks, and in pharmaceutical
industry for colouration of drugs and tablets. The pigments are also used for
colouration of paper. The above examples illustrate the wide range of pigments
application. They are met in almost all spheres of everyday life and thanks to the use
of new technologies they have become more environmentally friendly.

Adsorption of organic dyes on the surface of TiO,-SiO, composite can be
performed by many methods (Messina 2006). For example it can be carried out in a
special reactor at a controlled temperature or on titanium dioxide modified with
aminosilane. In another method the dyes (C.l. Reactive Blue 19 and C.l. Acid Orange
7) have been adsorbed by introducing a water solution of the dye onto unmodified or
modified titanium dioxide (Andrzejewska 2004). Different dyes (cationic and anionic)
have been adsorbed on unmodified TiO,-SiO, composite at different pH of the
reaction environment (Park 2007). The yield of adsorption and its character have been
found to depend on the surface charge of the TiO,-SiO, composite. At pH>3 the
surface of the support is negatively charged, while at pH<3 positively. For a
negatively charged surface the adsorption of anionic dyes is less effective than
cationic ones, while a positively charged surface the adsorption of anionic dyes is
more effective.

The study presented was aimed at synthesis of hybrid pigments by adsorption of
C.l. Basic Blue 9 organic dye on the surface of inorganic support TiO,-SiO,
unmodified or functionalized with aminosilane U-15D. Moreover, the effect of the
support’s surface modification on the physicochemical properties of the pigments
obtained was established.

2. Experimental

TiO,-SiO, oxide composite was synthesised by emulsion precipitation method
using solutions of sodium silicate and titanium sulphate as precursors of silica and
titanium dioxides, moreover the organic solvent (cyclohexane) was used. The
precipitated composite was calcined at 950°C for 2 hours to get the rutile form of
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titanium dioxide. The TiO,-SiO, hybrid system obtained was modified with 3 wt./wt.
of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (U-15D), made by Unisil. The
modification was performed in a reactor of 0.5 dm? in capacity, charged with 20 g of
the hybrid system and a solution of U-15D in an appropriate volume of the solvent
composed of water and methanol at the 1:4 volume ratio. The choice of modifier was
made on the basis of earlier studies (Jesionowski 2002, 2003; Andrzejewska 2004).
The amine groups from silane are needed to form stable chemical bond with the dye
adsorbed. Functionalization of titanium dioxide support with U-15D has been reported
to significantly increase the yield of adsorption (Andrzejewska 2004; Jesionowski
2008). The modification process was detailed described by Jesionowski et al. (2000).

The C.1. Basic Blue 9 dye used to obtain the studied pigments was purchased from
Sigma-Aldrich. The process of adsorption was carried out in a reactor containing 7.5 g
of unmodified or functionalized hybrid oxide to which 250 cm® of a water solution of
the dye in appropriate concentration was added. The suspension was stirred for 2
hours with a RO5 magnetic stirrer made by IKA Werke GmbH. Then, the whole
system was filtered off under reduced pressure, the filtrate was dried by the convection
method at 105°C. The TiO,-SiO, hybrid system precipitated and the pigments
obtained were characterized by a thorough physicochemical analysis.

Particle size distributions of the hybrid system and pigments obtained were
determined with the use of a Zetasizer Nano ZS working on the basis of non-invasive
backscattering method (NIBS) made by Malvern Instruments Ltd. The degree of
dispersion and morphology of the products were evaluated by a scanning electron
microscope (Zeiss VO40). Crystalline structure of TiO,—SiO, was determined by the
X-Ray diffraction method (WAXS) wusing a TUR-M62 diffractometer.
Hydrophilic/hydrophobic properties of the samples studied were evaluated by a K100
tensiometer made by Kriiss, on the basis of capillary penetration of water in the
samples. Adsorption properties of selected samples were characterized by
determination of their specific surface area using an ASAP 2020 instrument made by
Micromeritics Instrument Co. Chemical analysis of the products was performed on an
Elemental apparatus, model Vario EL Cube. Colorimetric characterization of the
samples was made using the CIE L*a*b* system on a SPECBOS 4000 colorimeter
(made by YETI Technische Instrumente GmbH). The results are given in the CIE
L*a*b* system, where: L* — lightness, +a* — contribution of red colour, -a* —
contribution of green colour, +b* — contribution of yellow colour, -b* — contribution
of blue colour, also colour saturation — C* and total change in colour — AE*.

3. Results and discussion

In the first stage of the study, the TiO,—SiO, oxide hybrid unmodified and modified
with 3 wt./wt. of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane was subjected to
dispersive and morphological analysis. The particle size distribution of unmodified
TiO,-SiO, shows a single band covering the range of diameters from 459 to 1110 nm
(Fig. 1). An analogous distribution of TiO,-SiO, subjected to surface modification
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with aminosilane has two bands covering the ranges from 342 to 1720 nm and from
3580 to 6440 nm. A comparison of the particle size distributions obtained for these
two samples reveals that the modification brings about the appearance of a band
corresponding to secondary agglomerates. The polydispersity index of TiO,-SiO,
unmodified and grafted with U-15D is 0.375 and 0.314, respectively. The particles in
both samples show a tendency towards formation of agglomerates of approximately
spherical shape. The modified sample is a bit less uniform, which follows from a
greater tendency of its particles to agglomeration. The SEM images (Fig. 2a and 2b)
confirm the presence of secondary agglomerates.
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Fig. 1. Comparison of particle size distributions Fig. 2. SEM images of TiO,-SiO,
according to volume contributions of unmodified (a) unmodified and (b) modified
and modified TiO,—-SiO,

The studies were planned to be performed on TiO,—SiO, with titanium dioxide of
rutile structure because this crystalline form is highly stable and does not induce
photocatalytic destruction of the dye. As follows from XRD measurements, titanium
dioxide of rutile form gives intensity peaks at 26 of 27.45, 36.08, 39.18, 41.22, 44.05,
54.32 and 56.64, while that of anatase variety gives peaks at 20 of 25.28, 32, 33,
33.50, 48.05 and 55.06 (Siwinska-Stefanska 2010; Valverde-Aguilar 2011).
According to the diffractogram shown in Fig. 3, the TiO,—SiO, composite synthesized
is mainly composed of the rutile form of TiO, (the presence of a low contribution of
the anatase variety is indicated by the diffraction maximum at 20 of 25.28).

The next stage of our study was concerned with assessment of the effect of
composite surface modification with U-15D on the hydrophilic/hydrophobic as well as
adsorptive properties. The profiles of wettability with water recorded for the
unmodified and modified samples indicated that the functionalization of the composite
surface reduced its affinity to water, see Fig. 4. The increase in mass of the modified
sample was smaller than that of the unmodified one, which proves that the surface
functionalization leads the sample more hydrophobic.

Adsorption capacity of the samples was determined by recording nitrogen
adsorption/desorption isotherms (Fig. 5) showing that the amount of nitrogen adsorbed
by the modified sample was smaller. The specific surface area increased from 3.4 m?/g
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for the unmodified sample to 5.4 m%g for the modified one, but the pore volume (Vo)
and the mean pore diameter (S;) decreased for the modified sample (see Table 1).
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Fig. 4. Profiles of wettability with water recorded Fig. 5. Nitrogen adsorption/desorption isotherms
for unmodified and modified for unmodified and modified
(3 wt./wt. of U-15D) TiO,-SiO, composite TiO,—SiO, composites
Table 1. Adsorptive properties of the modified and unmodified TiO,—SiO, supports used in adsorption of
C.1. Basic Blue 9
adsorptive properties TiO,-SiO, TiO,-SiO,+ U-15D
surface area, Ager (M) 3.4 5.4
total volume of pores, V, (cm°/g) 0.015 0.011
mean size of pores, S, (nm) 13.3 8.1

The pigments obtained in this study can be applied, e.g. in production of paints.
For this application very important is the shape and size of pigment particles
determining the rheological properties of the paint, hue, resistance to atmospheric
elements and easy dispersion. Usually the pigment particles diameters are in the range
from 1 to 10 pm. If pigment particles represent a variety of sizes, the coat of paint will
be more resistant to atmospheric elements. Therefore, from the point of view of this
application, the dispersive and morphological characterization of pigments is very
important. The relevant physicochemical analyses have been rather broadly presented
in literature (Binkowski, 2000; Andrzejewska, 2007). The use of TiO,—SiO, composite
precipitated in emulsion system as a support of organic dyes, gave pigments of
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particles of spherical shape and much smaller diameters than those met in other
commonly used pigments based on other types of supports. The use of the
functionalized TiO,-SiO, as a support of the organic dye studied led to pigments of
diameters smaller than those in the pigments based on unmodified support. The
particle size distributions according to volume contribution obtained for the pigments
prepared by adsorption of C.I. Basic Blue 9 in concentrations of 500 or 3000 mg/dm?®
on unmodified TiO,-SiO, (Fig. 6) visible two bands covering the diameter ranges
342-955 nm and 255-955 nm. An analogous particle size distribution for the pigment
obtained by adsorption of C.I. Basic Blue 9 in concentration of 500 mg/dm?® on the
modified support shows a band covering the range 220-712 nm instead of the band
covering the range 342-955 nm visible for the unmodified support. A similar shift was
observed for the pigment obtained by adsorption of C.l. Basic Blue 9 in concentration
of 3000 mg/dm®.
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Fig. 6. Comparison of the particle size distributions according to volume contributions evaluated for the
pigments obtained by adsorption of C.1. Basic Blue 9 in concentration (a) 500 mg/dm?® and (b) 3000
mg/dm3 on unmodified and functionalized TiO,—SiO, support
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Fig. 7. SEM images of the pigments obtained by Fig. 8. Profiles of wettability with water estimated
adsorption of C.I. Basic Blue 9 in concentration of for the pigments obtained by adsorption of C.I.
3000 mg/dm?® on (a) unmodified and (b) modified Basic Blue 9 in concentration of 500 mg/dm?® on

TiO,-SiO; support TiO,-SiO, and TiO,-SiO, + U-15D
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Table 2. Elemental content and degree of coverage for the pigments obtained by adsorption
of C.I. Basic Blue 9 on unmodified and modified TiO,-SiO, support

Initial d TiO,-SiO, TiO,-SiO, + U-15D
corr:ée;ﬁtrai/if)n Content (%) Ié)gg:::gc;f Content (%) i)gggt::gc;f
3
(mgfdm’) N C S (umol/m®) N c S (umol/m®)
0 0.003 0.030 0.015 — 0.301 0.346 0.005 —
100 0.015 0.142 0.034 2.16 0.322 0.513 0.026 4.99
500 0.033 | 0.188 0.036 2.87 0.493 | 0.521 0.028 5.06
1000 0.036 | 0.192 0.043 2.93 0.495 | 0.532 0.031 5.18
1500 0.040 0.208 0.049 3.17 0.498 0.552 0.032 5.37
2000 0.045 0.223 0.056 3.40 0.499 0.559 0.034 5.44
2500 0.049 0.246 0.058 3.76 0.501 0.567 0.038 5.52
3000 0.051 | 0.258 0.063 3.94 0.505 | 0.582 0.040 5.67

Table 3. Colorimetric data for the pigments obtained by adsorption of C.I. Basic Blue 9 onto unmodified
and functionalized TiO,-SiO, support

Initial dye Ti0,-SiO, | TiO,~SiO, + U-15D
concentration Colorimetric data
(mg/dm?) L* a* b* c* AE* L* a* b* c* AE*
0 93.70 | 0.29 2.76 2.70 — 93.73 | 0.30 2.68 2.78 —

100 85.41 | 8.13 -6.34 | 2439 | 41,71 | 62.14 | 0.86 | -23.00 8.97 | 15.34
500 78.07 | 953 | -12.46 | 25.39 | 43.03 | 61.22 | 143 | -2353 | 1254 | 22.11
1000 7720 | 9.13 | -13.27 | 27.84 | 46.15 | 59.27 | 1.95 | -26.31 | 13.04 | 24.45
1500 75.62 | 11.04 | -14.15 | 28.77 | 47.72 | 57.95 | 2.73 -26.57 1495 | 26.56
2000 72.33 | 11.61 | -15.03 | 30.55 | 51.08 | 55.04 | 3.01 | -28.26 | 15.66 | 28.98
2500 70.36 | 12.10 | -15.80 | 30.97 | 51.81 | 54.28 | 3.58 | -28.,51 | 16.20 | 30.28
3000 67.99 | 12.05 | -18.02 | 30.36 | 54.67 | 53.90 | 5.32 | -28.91 | 18.79 | 33.73

The pigment based on unmodified support has particles of diameters from the
range 255-955 nm, while that based on functionalized support has particles of
diameters shifted towards smaller values — from 164 to 531 nm.

As follows from the SEM images presented in Fig. 7, the pigments based on
unmodified TiO,—SiO, support are built of spherical shape particles and show rather
low uniformity. Analysis of the wettability profiles with water (Fig. 8) indicates that
the mass increase in time for the pigment based on the functionalized support is lower
than that for the pigment based on the unmodified support.

The products obtained were also subjected to determination of chemical
composition by elemental analysis. As follows from the results presented in Table 2,
the content of C, N and S elements increases with increasing initial concentration of
the dye, which is related to the degree of coverage. Many authors have used the notion
a support degree of coverage with an organic dye for evaluation of the yield of
adsorption (Harris, 2001; Jesionowski, 2011). The degree of coverage can be
calculated from the expression proposed by Berendsen and de Golan (1978). In our
study the degree of coverage increased with increasing initial concentration of the dye.
For the pigment obtained by adsorption of C.I. Basic Blue 9 in the initial concentration
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of 100 mg/dm® the degree of coverage was 2.16 pmol/m® while for the initial
concentration of the dye of 3000 mg/dm? the degree of coverage was 3.94 pmol/m?.
Modification of inorganic support surface with aminosilane (U-15D) causes an
increase in this parameter. For the pigment obtained by adsorption of C.I. Basic Blue 9
of the initial concentration of 100 mg/dm?® on the unmodified support the degree of
coverage is 2.16 pmol/m?, while for that obtained by adsorption of the same dye in the
same concentration on the modified support the degree of coverage is 4.99 pmol/m?.
An analogous tendency has been observed for C.I. Basic Red 5 adsorption on the silica
support (Jesionowski, 2008).

The effect of TiO,—SiO, support modification and concentration of the dye on the
colour of the pigments obtained was evaluated with the use of the CIE L*a*b* colour
space system. According to the data presented in Table 3, the lightness of the products
obtained decreases with increasing initial concentration of the dye adsorbed. The
greatest total change in colour AE* 54.67 was observed for the pigment obtained by
adsorption of C.l. Basic Blue 9 of the initial concentration 3000 mg/dm?® on the
unmodified TiO,—SiO, support. The total change in colour AE* for the pigment
obtained by adsorption of C.l. Basic Blue 9 on the modified TiO,—SiO, support was
much smaller 33.73.

4. Conclusions

The proposed method for the synthesis of TiO,-SiO, oxide composite by
precipitation from emulsion gives products characterized by a monomodal particle
size distribution and specific surface area of 3.42 m?/g. Functionalization of the
composite surface with aminosilane resulted in deterioration of the dispersive and
morphological properties but also in specific surface area increase to 5.42 m?/g. The
pigments obtained on the basis of the functionalized support showed better dispersive
properties and more intense colour than those based on the unmodified TiO,-SiO,
support. Surface functionalization of TiO,—SiO, composite with aminosilane (U-15D)
also brought about an increase in the degree of coverage with the dye and gave
pigments characterized with a lower affinity to water. Colorimetric analysis of TiO,—
SiO, functionalized with U-15D and the use of this support for adsorption of C.I.
Basic Blue 9 proved the greater colour intensity of the pigment obtained then that
obtained on unmodified TiO,-SiO,.
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Abstract. The study of nucleation and granule formation in a bed of fine-grained material
during the phase of batch damping in the process of periodical disc granulation was conducted.
The study was carried out on laboratory disc (diameter - 0.5 m), with the use of constant disc
filling with powder material, constant slope angle 50° between the disk axis and level and
constant rotational speed of device. Foundry bentonite was used as the examined material and
distilled water as a binding liquid. The binding liquid was added in the form of droplets having
constant size. The size of droplets was changed in the range 2.4+4.9 mm. The influence of
number and size of binding liquid droplets delivered to bed, as well as of their delivery height
on the size distribution of nuclei generated in the dumping phase was determined.

keywords: nucleation, disc granulation, size distribution, drop impact energy

1. Introduction

The flow of liquid through porous substances poses a serious problem, solution of
which is necessary to carry out some operations taking place in three-phase systems
such as granulation. Wet granulation is characterized by the participation of two
disperse phases: grained powder and liquid phase introduced in the form of droplets
and compact phase — the air. Their interaction, which depends on the degree of both
phases dispersion, determines the progression of a given operation.

Wet granulation processes may be divided into three main stages: wetting and
nucleation, consolidation and growth, and granule attrition and breakage (Ennis and
Litster, 1997; Tardos et al., 1997; Iveson et al., 2001; Litster and Ennis, 2004).
During the wetting and nucleation stage, the liquid binder is sprayed onto the tumbling
fine-grained material (in rotary drums, disks) where it wets the powder and forms
granule nuclei. The conditions of liquid distribution have a great effect on nucleation
and final properties of the granule produced (Gluba, 2002; Hapgood et al., 2003;
Gluba, 2003).
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The phenomena of liquid drop impacts on powder beds plays an important role
during nucleation in wet granulation processes.

When the drop size is larger than the particle size, wetting the powder with the
liquid gives a distribution of seed granules or nuclei. When the drop size is small
compared to the unit particle size, the liquid will coat the particles. The coating is
produced by collision between the drop and the particle followed by spreading of the
liquid over the particle surface.

If the liquid drop breaks on impact, then this will effectively increase the number
of granule nuclei formed and decrease their size. If the liquid drop spreads out a large
amount before it soaks into the powder, then this will increase the surface coverage
term and may prematurely cause nuclei coalescence and caking at the powder surface.

Only a few studies concern the phenomena occurring during the collision of liquid
droplets with the surface of the porous material powder (Agland and Iveson, 1999;
Hapgood et al., 2002; Nguyen et al., 2009; Tan et al., 2009). However, most of them
relate to other research systems and there is no simple transfer to the conditions of
nucleation in wet granulation process.

2. Aim of the study

The aim of this study was to determine the effect of conditions for the supply of
binding liquid droplets to bed in a disc granulator on the formation and growth of
granule nuclei.

3. Experimental

Investigations of binding liquid droplet penetration in a moving bed of powder
material located in a disc granulator were carried out on an experimental stand the
scheme of which is shown in Fig. 1.

Fig. 1. Schematic diagram of the equipment.
1. engine with reducer, 2. disc, 3. inverter,
4. tank, 5. valve, 6. Needle. h- height of the needle
tip above the bed, o — angle of disk axis
inclination

Disc granulator (2) of diameter 0.5 m and height of the rim 0.1 m was mounted on
a rotating shaft, inclined at an angle a = 50°. A shaft was driven by an electric motor
with reducer (1) and inverter (3). During the tests a constant rotational speed of plate
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was equal to 10 rpm and constant mass of fine-grained material equal to 0.3 kg. A
wetting liquid was provided drop-wise from a dropping funnel (6) supplied from the
tank (4) on a bed in the disc. The assumed value of the liquid flow intensity was
determined be means of a valve (5). Binding liquid was supplied drop wise of various
fixed size resulting from the size of applied funnel tips. The size of droplets generated
for each tip was determined based on the weight and the number of drops supplied at a
given time. The calculations assumed spherical shape of drops.

Three different heights of the binding liquid droplets supply resulting from the
location of the funnel outlet tips at different heights h above the bed.

The parameters of the wetting liquid supply to the bed are summarized in Table 1.

Table 1. The wetting parameters used in the investigations

Hight of the needle tip Drop diameter Drops number Liquid flow rate
above the bed, h [m] dgq [mm] Ng [-] Q. [cm¥/s]

0.02

0.52 3.0,3.3,4.9 100, 200, 300 0.043

1.02

0.02

0.52 24,33 100, 200, 300 0.025

1.02

A model experimental material was foundry bentonite. The basic properties of the
raw material were: density p = 2150 kg/m®, mean bulk densityp, = 865 kg/m®, mean
volumetric size d,= 0.013 mm. Distilled water was used as the wetting liquid.

Fine-grained material bed in the disc was given a specified number of liquid drops
ng and then the unit was stopped and obtained feed was separated into size fractions
using a set of sieves. For each size fraction mass m, and the number of granule nuclei
n, which formed in the course of dispensing drops of liquid to the bed were
determined. At the same conditions of liquid supply a second attempt was performed
each time during which after the supply of liquid to bed the process was continued
over a fixed time t; = 10 min. The feed obtained after this time period was separated
into size fractions and weight of each fraction m,;, and the number of granules in a
given size class nny Were determined.

4. Results

The results of this study indicate that the conditions for the supply of binding liquid
to the powder bed significantly influence the penetration of the liquid in the bed and
the associated process of creating granules nuclei. Depending on the size of dispensed
droplets, their number, and the height of their supply the conditions of their nucleation
quite clearly change. For example, Fig. 2 shows the change in the number of nuclei
created at the stage of dispensing drops of a size dy = 4.9 mm, depending on the height
h, for a different number of supplied drops ng.
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From Fig. 2 it follows that in the case of dispensing liquid just above the bed
(h =0.02m), the number of resulting nuclei is similar to the number of supplied liquid
drops, which means that every drop approximately seeks to create a single germ. With
the increase of height h there follows a significant increase in the number of resulting
nuclei, which means that the supplied drops are prone to break-up, which results in a
greater number of nuclei. The dependence of nhumber of created nuclei to the specified
number of drops ratio defined with a coefficient =n,/ng, on the height h for different
sizes of droplets is compared in Fig. 3.

Figure 3 shows that the coefficient £ considerably increases with the increase of
droplet size, and for dy = 3.0 take values close to 1. This means that in case of this
droplet size no break-up occurs and the number of nuclei is virtually equal to the
number of given drops.
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Fig. 2. Effect of liquid droplets supply height on Fig. 3. Dependence of coefficient £ on the height
the number of resulting nuclei h, for different sizes of droplets dq

Obtained dependencies indicate that the behavior of drops in a powder bed
determines both its size (mass) and the speed with which it hits the bed. The speed of a
drop hitting the material u was calculated based on correlation proposed by Range and
Feuillebois (1998):

u=_ 9 @a—e2, (1)

with A= St P

4p, - d,

where c; = 0.796 is the friction coefficient for a drop falling in air
g - gravitational acceleration, m/s®
h- height of the needle tip above the bed, m
pa - air density, kg/m?
pq - drop density (distilled water), kg/m®
dq - drop diameter, m.

Taking into account the weight of a falling drop my and its speed at impact u the
kinetic energy of the drop was determined from the formula:
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Eq=0.5mg-U%. 2)

Calculated speeds and kinetic energy of drops at the moment of impact with the
powder are summarized in Table. 2.

The effect of drop kinetic energy on the value of coefficient £, with a fixed number
of added drops ng is shown in Fig. 4.

From Fig. 4 it follows that the effect of liquid supply height and drop size on their
degree of decomposition, expressed with coefficient £, may be well defined with the
kinetic energy of droplets colliding with the powder. A certain influence of the total
number of droplets of liquid supplied to the bed may be observed here. The higher the
value ny coefficient £ decreases. This can be elucidated by the fact that with a greater
number of drops supplied to the bed a greater probability of their coalescence exists
which influences a smaller number of obtained nuclei. An analogous relationship,
shown in Fig. 5, was also obtained for a smaller intensity of binding liquid drop
dispensing Q,, = 0.025 cm?/s.

Table 2. Drop impact velocity and energy

Drop High of the needle tip Drop impact Drop mass Drop impact
diameter above the bed velocity mq [ka] energy
dg [m] h [m] u [mis] Eq [J]
0.02 0.625 1.412.0°
2.4.10° 0.52 2.962 7.24-10° 3.174.0°
1.02 3.872 5.425.0°
0.02 0.625 2.761.0°
3.0-107 0.52 3.006 1.41-10° 6.386-0°
1.02 3.980 11.198-10°
0.02 0.625 3.676:10°
3.3-10° 0.52 3.022 1.88-10° 8.592:10°°
1.02 4.021 15.212.10°
0.02 0.626 1.205-10°
4.910° 0.52 3.076 6.16-107 29.151-10°
1.02 4.160 53.297-10°°
4 1.6
z X
—'c 3 1y =3103.0x + 1.43] - 1 = —
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' - D:::ZZ il T 4 Ond=200 I
A ndzs00 A Q,=0.025cm?¥/s And=300
0 0.8 T
0.00E400 2.00E-00 4.00E-04 6.00E-04 0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04
E[] E[J]

Fig. 4. Dependence of coefficient £ on the kinetic Fig. 5. Dependence of the coefficient £ on the
energy of drops falling on the bed kinetic energy of drops falling on the bed
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One may conclude about the mechanisms of formation and growth of nuclei at the
stage of supply of binding liquid droplets to bed based on the size of nuclei created.
When every drop strives to create a single germ, their dimensions are a reflection of
the size of dispensed droplets. When it comes to breaking up of droplets, there can be
created a greater number of droplets of smaller size. During the movement of wet
powder bed, other mechanisms influencing the number and size of nuclei created, i.e.
coalescence, wear, layering may occur. The importance of individual mechanisms may
depend on the conditions for the supply of liquid to the bed and change during the
process.

For example, Fig. 6 shows the comparison of curves of quantitative size
composition for different heights of liquid supply at a specified size and number of
drops, and Fig. 7 compares mass-distribution curves at the same conditions of drops

supply.
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Fig. 6. Comparison of quantity-size distributions Fig. 7. Comparison of mass-size distributions
of nuclei of nuclei

In both graphs presented similar relationships can be observed. The increase in the
amount of droplet supply results in increased quantitative and mass fraction of nuclei
of a smaller size, which confirms previously observed trends regarding the conditions
for liquid droplets break-up.

Figure 8 shows the comparison of the impact of liquid droplets supply on the
average size of nuclei for the two droplet sizes, with a fixed number of them. For the
droplet size dq = 4.9 mm the increase of height h causes a reduction in the average
quantitative size of nuclei, while for droplets of size dy = 3.0 mm this impact was very
slight. Figure 8 shows the comparison of changes in the average size of nuclei after 10
minutes of further granulation from the end of dispensing liquid.

It was found that during 10 min of granulation after the supply of liquids, the drop
of germ size occurs. This may be caused by the destruction of even very weak
agglomerates and minor thickening of their internal structure. The nuclei mass fraction
in the total feed mass is very slight yet and nuclei are virtually suspended in the
powder material which hinders their contact and mutual interaction. During this
period, the liquid is no longer fed, and so there is no driving force for further
formation and growth of nuclei and destructive mechanisms may play a greater role.



Nucleation and granule formation during disc granulation process 119

dns [mm]

—=—dd=4.9

—0-dd=4.9 (10)
—&—dd=3
\D\ ——dd=3 (10)
—
A\’k_/%
)
8

0 0.4 0.

Fig. 8. Effect of liquid supply height
on the average size of nuclei

12
h [m]

5. Conclusions

On the basis of the obtained results the following conclusions were drawn.

1. Parameters of binding liquid droplets supplied to the powder material bed
significantly affect the conditions of formation and growth of granule nuclei.

2. Effect of droplet size and their supply height above the bed on the number of
resulting nuclei may be described with the kinetic energy of drops falling on the bed.

3. The increase of droplet supply height results in increased quantitative and mass
fraction of nuclei of smaller size.

4. For larger droplets (dq = 4.9 mm) the increase in the liquid supply height brings
about reduction in the average quantitative size of nuclei while for smaller droplets
(dg = 3.0 mm) the effect is negligible.
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Abstract. The energy consumption during granulation process in horizontal drum granulators at
variable process and equipment parameters: drum diameter, angular velocity and the degree of
drum filling with raw material was investigated. The feed was wetted drop-wise during
tumbling at a constant liquid flow rate. During the whole process the instantaneous values of
the driving torque on the shaft were measured. The effect of the drum diameter, its angular
velocity, drum filling degree and moisture content of the feed on energy consumption was
evaluated. A model of the dependence of energy needed for nucleation and granules growth
during wet granulation for different process and equipment parameters was proposed in the
paper.

keywords: agglomeration, granulation energy, drum granulation, bentonite

1. Introduction

The dynamics of a granular bed in drum granulators, i.e. the motion of the bed and
individual particles, as well as forces of their interactions, determine the value of
torque measured on the granulator shaft, and as a result, the power of a driving motor
and energy used to carry out the process.

The analysis of static and dynamic equilibrium of the granulated bed, and also
results obtained by Heim et al. (2001, 2004) prove that inertia and friction forces in the
tumbling feed depend significantly on such equipment and process parameters as bed
moisture content, drum diameter, its filling degree and rotational velocity of the
granulator.

The changes of reduced torque as a function of feed moisture content were
investigated by Heim et al. (1999). The obtained results are shown in Fig. 1.

In the graphs representing the relations of the reduced torque, three ranges can be
distinguished, for which different characters of the relation were obtained. In the first
range the dependence of torque on moisture content has approximately the form of
square function. In the second range a decrease of the value is observed, and in the
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third range the value is constant. At the end of the third range there is an abrupt drop
of the torque. Particularly interesting is the initial torque increase and its further fixing.
Such a character of the torque can be explained by changes in the parameters
characterising the granulated bed during the process such as granulation degree,
granule diameter, bulk density of the feed and due to liquid supply the total mass of
the bed. The influence of some of these parameters on the bed dynamics was
investigated both in model mixing of the granular bed in a horizontal tumbling mill
(Forssberg and Zeng, 1991; Rajamani et al., 2000) and in drum and disk granulators:
(Heim, 2004; Mellmann, 2001), and during grinding in ball mills (Hogg and
Fuerstenau, 1972; Kapur et al., 1992). However, there are a few studies devoted to
energy consumption required to circulate the processed bed, and hence discussing the
costs of drum granulation process.
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Fig. 1. The effect of feed moisture content on the reduced torque
(D=0.4 m; ¢=20%; w=1.4 rad/s) (Heim et al., 1999)

2. Aim of the study and range of investigations

Aim of the study was to determine the effect of drum diameter, rotational velocity
of the granulator and degree of its filling with raw material on the energy required for
the transformation of powder material into granulated product.

The following ranges of changes in the parameters were used in the studies:
diameter of granulator drum D = 0.25; 0,3; 0,35 and 0.40 m, drums length L=0.4 m,
filling of the drum with granular material ¢ = 5% to 20%, angular velocity of the drum
w = 1.05 to 3.35 rad/s. The investigations were performed in four drums that had the
same length L and different diameters. The range’s change of drum angular velocity
was select in such way to provide cascading - the typical feed movement for drum
tumbling granulators.

The degree of drum filling with raw material ¢ was changed gradually by 2.5% or
5% in the range 5+20% of the inner drum volume, depending on drum diameter. Such
a filling range ensures correctness of granulation process. The proposed ranges of
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changes of process and equipment parameters (D, w, ¢) overlap the ranges used in
drum granulation processes.

The tested material was foundry bentonite and the wetting liquid was distilled
water.

3. Equipment and measuring methods

A schematic diagram of the experimental set up is shown in Fig. 2. Drum (1) was
driven by motoreducer (6) by means of a belt transmission and a clutch. A fluent
change of rotational velocity of the drum was obtained by means of inverter (7), and
controlled by a revolution counter. Instantaneous torque values were measured by
torque meter (3) and reading device (4). Next, they were processed and recorded by
computer (5). The granular bed placed in the drum was wetted drop-wise by means of
sprinkler (2), which was introduced axially to the device that ensured a uniform liquid
supply. The sprinkler was mounted on tripod (8), which was independent of the
granulator. The wetting liquid (distilled water) was supplied from tank (10), placed at
the height of 2.5 m from the drum axis and its constant flow rate (Q = 10° m%s) was
fixed by means of rotameter (9). During the trial, a constant liquid level was kept in
the tank, which guaranteed a constant pressure of supplied liquid. The granular bed
was wetted until the material got overwetted which caused that the bed stuck to the
inner wall of the granulator.

Fig. 2. Schematic diagram of the equipment. 1- drum granulator; 2- sprinkler;
3- torque meter; 4- reading device; 5- computer, 6- motoreducer; 7- inverter;
8- tripod; 9- rotameter; 10- tank

Every 120 s a sample was taken, subjected to sieve analysis and returned to the
drum. The process of granulation was carried out batch-wise, each time at determined
process and equipment parameters: drum filling with material, rotational velocity of
the granulator and drum diameter.
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4. Results

Results of the measurement of instantaneous torque values M(t) read in 1s time
intervals on the granulator shaft during granulation (wetting stage) of the granular bed
tumbling in the drum were converted to the values of reduced torque M*(t).

The instantaneous values of reduced torque M*(t) were calculated on the basis of
instantaneous torque M(t), as well as on the basis of the torque of idle run (at empty
granulator) M; and the total feed mass in the drum (raw material ms and wetting liquid
m,,(t)) from Eq. (1):

M ()= M,
m, +m,,(t)

M *(t) = 1)

Due to the fact that the wetting liquid was supplied all the time during granulation
process with constant volume flow rate, the changes of reduced torque vs. wetting
time were the same as the torque changes vs. bed moisture content w. Moisture
content of the feed at the time t was calculated from Eq. (2).

_mw(t)_Q't'pw
B (2)

S S

In the case when the wetting liquid is supplied continuously at a constant flow rate
to the system, the reduced moment in time is analogous to the torque in the function of
feed moisture content.
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Fig. 3. Comparison of changes in reduced torque vs. time for different values of drum filling ¢
(D=0.4m; w=1.4radls)

From analysis of the obtained results it follows that the value of torque during
granulation in a tumbling drum with wetted bed depends also on such equipment and

process parameters as drum diameter, filling of the drum ¢ and its rotational velocity.
This is confirmed by a comparison of changes in the reduced torque during bed
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wetting for various degrees of drum filling ¢ shown in Fig. 3. Diagrams in this figure
were prepared for mean values of the torque from 10 subsequent measuring points,
(every 10 s). It was found that the reduced torque was decreasing with an increase of
drum filling, which is related most probably to the bed — drum wall contact surface,
which with volume increase grows slower than the feed mass.

Similar relations were obtained for different diameters and angular velocities of the
drum. It follows from them that the reduced moment increases with an increasing
drum diameter and its angular velocity. This is probably caused by an increasing
distance between the bed mass centre and drum axis and an increase of the friction
forces due to the increase of centrifugal force.

To specify how much changes of the torque, and consequently power, can provide
information on the granulation process, a comparison was made between changes in
the reduced torque and changes in the mass fraction of the smallest particles which
was considered as not granulated material. This relation is illustrated in Fig. 4. The
comparison of changes in the torque and total fraction of not granulated mass Us made
it also possible to determine the time interval in which the whole raw material was
processed into granulated product. It can be observed that the mass of not granulated
material reduced rapidly for moisture content (and also time), at which the reduced
torque reached a maximum. The fraction of not granulated material corresponding to
this maximum value is about 10% and decreases to ca. 5% after setting up the torque

M*.
1 REH:H:K_‘
0.8

P
-}
1S

0.6
< =
=

0.4 1 % —0—Us

v’ %%

0 ' ' ' w [kg/k
0 0.1 0.2 0.3 04 [ka/ke]

Fig. 4. Comparison of changes in reduced torque and mass fraction of not granulated material
vs. moisture content (D = 0.4 m; ¢ = 15%; = 1.05 rad/s)

Values of the torque shown in Fig. 5 were calculated as an average from 10
subsequent measuring points after every minute of the measurement.

On the basis of the values of reduced torque the values of unit power demand were
calculated from equation (3):

N*t)=M*({) . 3)
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Due to the fact that practically all fine-grained material is processed into granulated
product at the first stage of the process (later only growth and concentration of the
previously formed agglomerates is observed) the energy required to form granulated
product, was determined on the basis of power changes at the first stage of the process.
Experimental points of power change at the first stage were approximated by quadratic
polynomial.

At the second stage of the process a stabilized value of the unit power can be
observed. It is a result of stable movement of previously formed granules and
subsequent lack of changes in dynamics of tumbling feed. An example of power
changes in both stages is shown in Fig. 5.
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Fig. 5. Approximation of the results by mathematical functions

The energy required for the transformation of powder feed into granules was
determined from the equation (4):

ty
E; = [N @t @
0

and the energy consumption for the subsequent growth and concentration of
previously formed granules from equation (5):

t
E; = [ N3 (et ©)
tl

The values of energy obtained as a result of integration of the functions
approximating all experimental power changes (75) was related to equipment and
process parameters used in the experiments.

For the stage of nucleation and granule formation a power function at correlation
coefficient R? = 0.945 was derived:

Ef —10254. D292, ;072 (087 | (6)
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The second stage of process in which granules grow as a result of layering and
coalescence is described by power equation (7):

E, =31600 - D*'? . %% . p"° | @)

The correlation coefficient for this equation was R?= 0.965. Figure 6 presents the
example of comparison between the energy values obtained as the result of integration
of quadratic equations and those calculated from Eq. 6.

Based on analysis of the results it was found that energy required for raw material
granulation in a drum granulator depended on equipment and process parameters, at
which the process was carried out.

30

E* 1ca [J7kg]

10

0 : : E*, [J/kg]
0 10 20 30

Fig. 6. Comparison of energy obtained from integration of square functions and calculated from Eq. 6

5. CONCLUSIONS

The analysis of results demonstrated that the energy required during nucleation (the
initiation of agglomerates formation) as well as their growth and concentration for the
granulation of powder material in drum granulator depends on process and equipment
parameters. The analysis of the obtained power equations indicates that the energy
requirement in both stages of granulation is proportional to the volume of transformed
raw material (exponent by drum diameter is close to 3). More significant influence of
the rest of analyzed parameters on energy requirement during the stage of growth and
concentration of formed granules were also observed.

The result of energetic parameters measurements during granulation may be the
indicator of process realisation. It can be observed that the mass of not granulated
material reduced rapidly for moisture content (and also time), at which the reduced
torque reached a maximum value.
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Nomenclature

E* - unitenergy, J/kg

M - torque on drum shaft, Nm
M; - torque of idle run, Nm

M* - reduced torque, Nm/kg

N - power supplied, W

N* - reduced power, W/kg

Q - volume flow rate of liquid, m®/s
ms - mass of raw material, kg

m,, - mass of wetting liquid, kg

t - wetting (granulation) time, s
w - bed moisture content, kg/kg
pw - water density, kg/m®

w - angular velocity, rad/s.
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Abstract. lonic liquids were found to be selective solvents for separation of gases. They are
widely used in supported ionic liqguid membranes (SILMs) technology, especially in gas
separation and purification processes. This work has characterized commercially available
porous membranes employed in such purposes. Characterization of supports and membrane
phases was carried out in order to determine factors influencing membrane stability. Scanning
electron microscopy (SEM) was used to determine morphology of membrane surface. In this
work wetting of the polymeric support with [Emim][TfO], [Emim][Tf,N], [Bmim][TfO] and
[Bmim][Tf,N] and swelling of the membrane impregnated with ionic liquids have been
investigated.

keywords: imidazolium ionic liquids, liquid membrane, wettability

1. Introduction

Supported liquid membranes (SLMs) have been an object of growing interest in
recent years. They present several advantages in separation processes, such as
requirement of very small quantities applications. The reason of this state is mainly
low stability (Kemperman et al., 1996). Mechanisms of instability are reported in the
literature (Kocherginsky et al., 2007). Stability is mostly affected by loss of liquid
membrane phase from the support (Naplenbroek et al., 1992). Due to the fact that
membrane phase is kept in the membrane pores by capillary forces, it is obvious that
this process can be either evaporation, dissolution in surrounding phases or high
pressure difference. These effects have influence on flux and selectivity of the system
(Takeuchet et al., 1987; Zha et al., 1995). Stability of SLMs depends on the properties
of polymeric or ceramic support, membrane phase, possible carriers and operating
conditions. Physicochemical properties of membrane phase play important role in
membrane stability. Proper choice of these materials can improve significantly system
lifetime. Problems mentioned above can be avoided by using ionic liquids as a
membrane phase filling pores of the support. Some researchers report that water
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concentration in organic phase is also important in SLMs stability, whereas when it is
less than 15 g/l it shows proper stability (Zha et al., 1995).

In recent years ionic liquids have been widely used as an alternative to traditional
organic solvents in catalysis, as a reaction media and in separation and purification
processes. lonic liquids have many unique properties, for example, they have non-
measureable vapor pressure, they are non-flammable and liquid in a wide range of
temperatures, they solvate wide range of organic and inorganic species (Earle et al.,
2000; Marsh et al. 2004; Pernak, 2000). lonic liquids give a possibility of adjusting
their physicochemical properties by choosing proper ions. Proper choice of organic
phase allows to avoid the problem of solvating IL in receiving phase and only the
excess amount of ILs from the membrane surface is removed (De Los Rios, 2007;
2009). These properties give SILMs advantage over traditional SLMs (Fortunato et al.
2004; Gan et al, 2006; Hernandez-Fernandez et al., 2009). Non-measurable vapor
pressure allows to overcome the problem with loss of membrane phase by
evaporation. Since ILs consist of large asymmetric organic cation and small anion and
this structure prevents crystallization, they are liquid in a wide range of temperatures.
As mentioned above, stability depends on capillary forces that is why size and
morphology of membrane pores affect the stability (Kemperman et al., 1996).
Minimum transmembrane pressure required to push out the impregnating phase from
membrane pores is given by the Young-Laplace equation:

_2-y-cosd
r 1

P 1)
where:y is the interfacial tension, 4 is the contact angle, r is the pore radius.

This equation is true for cylindrical pores. Commercially available membranes
have highly irregular pores geometry. Calculated pressure is then higher than real
critical level. It can be concluded that generally membranes with smaller pore size are
more stable than those with bigger pores.

This work focused on the use of polymeric porous membranes which can be
applied as support for liquid membranes. Experimental procedures based on capillary
rise method are widely used for porous media characterization (i.e. pore radius,
contact angle). Measurements of penetration distance and liquid mass increase are two
main experimental methods, in which Washburn equation is a basic instrument to
analyze the obtained results (Trong et al., 2005; 2006). Capillary rise method was used
for contact angle determination for polymeric material wetted by ionic liquids.
Influence of imidazolium-based ionic liquids composition on wettability of porous
supports was investigated. The family of 1-alkyl-3-methylimidazolium compounds
(Cymim) with variable alkyl chain lengths in cation and changeable anions were taken
into account.
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2. Experimental
2.1. Material, experimental apparatus and method

Seven ionic liquids were used in this study: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM][Tf2N], 1-ethyl-3 methylimidazolium
trifluoromethanesulfone [EMIM][TfO], 1-butyl-3-methylimidazolium bis(trifluoro
methylsulfonyl)imide  [BMIM][Tf2N],  1-butyl-3-methylimidazolium trifluoro
methanesulfone [BMIM][TfO]. All chemicals were supplied by Merck Chemicals
Company, Darmstadt, Germany with purity higher than 99%. The molecular structures
of ILs cations and anions used in this study are shown in Fig.1 and Fig.2.

In order to determine the effect of chemical structure of the ionic liquids on
wetting, different alkyl chain lengths of the cations and different anions were selected.

Polymeric supports: the four hydrophilic membranes were used: GH Polypro
(polypropylene) - PP, FP Vericel™ (polyvinylidene fluoride) - PVDF, Nylaflo™
(polyamide) - Nylon, Supor® (polyethersulfone) - PES, (Pall, Gelman Laboratory,
USA). Table 1 shows the physicochemical properties of polymeric supports used in
the experiments declared by Pall, Gelman Laboratory.

+ +
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NN NN
1-ethyl-3-methylimidazolium [Emim] 1-butyl-3-methylimidazolium [Bmim]

Fig. 1. Structure of ionic liquids cations used in the experiments
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Fig. 2. Structure of ionic liquids anions used in the experiments

Table 1. Physicochemical parameters of polymeric supports reported by producer

Support Density Pore size Porosity Thickness
[kg/m°] [nm] [9%] [um]
PP 900 0.2 80 92
PVDF 1790 0.2 80 123
Nylon 1130 0.2 80 110

PES 1370-1510 0.2 80 148
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SEM characterization

The scanning electron microscope (SEM) Philips-FEI XL 30 ESEM
(Environmental Scanning Electron Microscope) was used to determine the
morphological properties and the pore size distribution. Before the SEM observation,
the samples of supports were dusted with ultrathin layer of gold which significantly
improved the quality of obtained images. Fig.4 (a), (b), (c) and (d) are SEM
micrographs of the supports — polypropylene PP, polyvinylidene fluoride PVDF,
polyamide Nylon, polyetherosulfone PES (5000x) (scale bar = Sum).

IR spectra of PP membrane

PP support has a hydrophilic, modified surface. The manufacturer (Pall) does not
provide information about the type of modification. Membrane surface modification
was calculated by ATR (Attenuated Total Reflection) technique on camera - FT-IR
Spectrometer Tensor using zinc selenide optics and diamond crystal (Golden Gate's
snap Specac). Analyses were performed using the following parameters: the spectral
range 4000 - 600 cm™, resolution 2 cm™, the number of scans: 64. Figure 5 shows the
IR spectra.

Thickness of the membrane and swelling in ionic liquids

Thickness of the membrane after immobilization step was determined by optical
method using Epi-fluorescent Microscope L3001 with a compatible digital camera,
Power Shot A650 IS. This method allows to measure the change of the thickness of
the polymer after immersing it in ionic liquid for 24h. Glass holder was used to place
the membrane in z direction to measure thickness.

Wetting of the membrane

The capillary rise method is based on the Washburn approach that has been derived
from the Poiseuille equation:

4 AP. )
dv = ﬂdt ,
8n-h
and the Washburn equation:
hz:r-;/-cosﬁt . (3)
2n

Additionally, the following simplifications are employed in the capillary rise
method:

a) the flow is laminar and stationary,

b) there is no slip, i.e. no flow on the solid body - liquid interface,

c) no internal pressure.
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One way of determining contact angle value is an investigation of two liquids —
reference and examined (Studebaker, 1955). For reference liquid:

h2 — r7/0 to . (4)
21,
When two beds are identical, r is constant, and for another liquid we have:
5
hzzrylcosetll ®)
2m,
Dividing equation (4) by (5) we obtain:
6
cosd =K b , ©
t,
where
K — 7/0 . 771 1 (7)
1Mo
where

to, 0, 770 @re time of penetration, surface tension and viscosity of reference liquid, and
ty, 1, 71 are time of penetration, surface tension and viscosity of liquid investigated,
respectively.

The apparatus for the capillary rise experiments is shown in Fig. 3.

1

N

Fig. 3. Capillary rise measuring apparatus: 1 - support, 2 — glass matrix holder , 3 — polymeric membrane,
4 — vessel with ionic liquid, 5 - balance, 6 -computer
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In the experiment, polymeric membrane samples sized 10x10 mm were cut out.
The line at 5 mm height was made. The sample was placed in a glass holder. The
increase in height of liquid penetrating into polymeric membrane and decrease in mass
of the liquid in a container was recorded every second using timer and electronic
balance, attached to a computer. The time t = 0 approximately corresponded to the
moment of membrane submersion in the wetting liquid. The time of penetration up to
5 mm of membrane was measured. The experiments were repeated eight times (two
times for each side) and the mean value was calculated. Based on measurement of
ionic liquid penetration time in polymeric support, angle values were calculated using
Equations 5 and 6. The results are shown in Table 2.

The second method for contact angle determination was the dynamic sessile drop
method. The surface tensions of the ionic liquids were determined by the pendant drop
method using Tensiometer Kruss DSA 10. Dynamic sessile drop study determines the
largest contact angle possible without increasing solid/liquid interfacial area by adding
volume of liquid dynamically. This maximum angle is the advancing angle 6,.
Volume is removed to produce the smallest possible angle, the receding angle 6,. The
difference between the advancing and receding angle 6,-6; is the contact angle
hysteresis. The results are shown in Table 3.

3. Results and discussion

In the experiments imidazolium ionic liquids with different anions and cations
were applied. Selected ionic liquids are widely used in gas separation technology.
Imidazolium salts containing alkyl fluoride anions: bis(trifluoromethanesulfonyl)
amide ([Tf,N]) and trifluoromethanesulfonate ([TfO]) selectively separate carbon (1V)
oxide from other gases, for example methane (Anderson et al., 2007; Anthony et al.,
2005; Baltus et al., 2004; Bara et al., 2009; Bates et al., 2002; Chin et al., 2006;
Joskowska et al., 2010; Joskowska et al. 2011).

The morphology of commercial membranes was studied by SEM. SEM (Fig.4)
micrographs present highly porous material. The pores are heterogenic and not
cylindrical.

Figure 4 indicates, that the 0.2 um pore size declared by the manufacturer is not the
size of the smallest pores, but the average size of all the pores in the membranes.

IR spectra illustrate intense stretching vibrations of C-H bond - methyl group at
2951 cm™ (asymmetric) and 2868 cm™ (symmetric) and methylene group at 2919 cm™
(asymmetric) and 2839 cm™ (symmetric) are visible in the IR spectra of PP membrane
(Fig. 5). Stretching vibrations of the double bond occurred at 1728 cm™. IR spectra
shows also intense bending vibrations of symmetric methylene group at 1453 cm ™
and bending vibrations of asymmetric methyl groups at 1376 and 1358 cm™.

Therefore, it can be concluded that the surface of PP membrane is modified with
compounds containing C-O-C bonds, as evidenced by the emergence of asymmetric
stretching vibration of C-O-C bond at 1256 cm * and asymmetric at 1105 cm™ band
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swing vibration of methyl groups below 1000 cm™. IR spectra of PVDF, PES and
Nylon membranes perfectly fit to the IR spectra of model sample.

Contact angle @ is a quantitative way of showing wettability of solid with liquid. It
is geometrically defined as an angle formed at tri-phase border liquids — gas — solid.
The low value of contact angle indicates spreading of liquid on a surface — good
wettability; high value indicates weak wettability. If the contact angle is below 90° it
can be concluded, that liquid wets solid. If the angle is over 90°, liquids does not wet
solid.

B N <
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Fig. 4. Scanning electron micrographs of (a) PP, (b) PVDF, (c) Nylon,
(d) PES (500x) (scale bar =5 um)
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Fig. 5. IR spectra of PP membrane
Table 2. The physicochemical properties and time of penetration of reference liquids
- Surface tension, . . ] Time of
Support Reference liquid N/m Viscocity, Pa-s penetration, s

PES Hexane 0.0179 0.00029 2

PVDF Hexane 0.0179 0.00029 5

Nylon Toluene 0.0278 0.00055 4

PP Methanol 0.0221 0.00054 4

Table 3. The physicochemical properties of ionic liquids and contact angle determination
by Washburn equation
Surface . . Time of
lonic Liquid tension VI;?::;W Support  penetration t; k cosé 6 [deg]
[N/m] [s]

PES 367 38.2 0.208 78
PVDF 471 38.2 0.406 66
[EMIMICTEN] 0.041 0.026 Nylon 209 315 0.602 53
PP 212 25.3 0.478 61
PES 297 55.7 0.239 66
PVDF 707 55.7 0.332 67
[EMIM][TTO] 0.044 0.040 Nylon 247 45.8 0.492 42
PP 213 36.9 0.374 46
PES 444 53.0 0.489 76
PVDF 799 53.0 0.802 71
[BMIMI[TN] 0.037 0.032 Nylon 354 43.6 0.977 60
PP 376 35.1 0.681 68
PES 530 129.7 0.489 61
PVDF 809 129.7 0.802 37
[BMIM][TO] 0.034 0.070 Nylon 437 106.7 0.977 12
PP 505 86.0 0.681 47
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Capillary rise experiments were carried out in order to investigate wattablility of
the polymeric support by selected ionic liquids. The first experiment including water,
toluene, ethanol, methanol, isopropanol, acetone, hexane and cyclohexane was done in
order to determine a reference wetting liquid for each support. Methanol was the best
penetrating liquid for PP, hexane for PES and PVDF. For Nylon membrane toluene
(see table 2) occurred to be the best. Based on the time of penetration in polymeric
matrix measurements of reference liquids and examined ionic liquids, contact angles
values were calculated (see table 3). For all the examined ionic liquids wettability
decreases in following order Nylon > PP (except for BMIM TfO) > PVDF > PES. The
lowest value of contact angles for all supports has been determined for BMIM TfO.
Contact angle, 0, increases as the surface tension of the ionic liquid, y increases.
Similar findings have been reported earlier by Sedev (2011).

The Washburn equation presents linear dependence of squared height of liquid
penetration in capillary and time of the experiment. However, in the case of porous
system, Washburn established the model of system as a bunch of cylindrical
capillaries. Capillary radius r is then the average or effective pores radius. Another
simplification in Washburn method is connected with flow which should be laminar
and stationary and without flow in the phase boarder.

Examined polymer supports do not meet Washburn assumptions. Therefore, sessile
drop method was used.

Values of contact angles calculated form sessile drop contact angle measurements
are below 20°, therefore all the ionic liquids examined are suitable for perfect wetting
of supports (table 4). The best wettability was observed for Nylon membrane,
successively for PP, PVDF and PES.

Assumption of best wetting for liquids with the lowest surface tension was
confirmed ([Bmim][TfO]). Increase in ionic liquid hydrocarbon chain in cation
structure does not affect wettability.

Taking into account values of contact angles (table 4) it can be concluded that each
of chosen supports is perfectly wetted by ionic liquids.

Izak et al. (2007) observed that degree of swelling of the membrane can be related
with the water activity of the ionic liquid. The measured water content of ionic liquids
used was [Emim][TfO] — 1.370%, [Bmim][TfO] — 0.134%, [Emim][Tf,N] — 0.001%,
[Bmim][Tf,N] — 0.109%. However, ionic liquids are highly hygroscopic and we have
to keep in mind that water content can change during the experiment (lzak et al.,
2007).

All the investigated supports show higher thickness after immobilization with ionic
liquid. According to presented data it can be concluded that the longer is hydrocarbon
chain in the cation structure, the higher swelling effect is observed. However, Nylon
membrane shows similar thickness for all ionic liquids used in this study. Thickness of
PVDF membrane was difficult to measure due to transparency of the membrane when
immobilized with ionic liquid as indicated by standard deviations values. Such
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behavior of polymeric membranes can affect mechanical stability of the membranes
and affects value of maximum possible gas pressure without breaking of support.

Table 4. Contact angle determination by sessile drop method

L Advancing angle Receding angle Hysteresis
lonic Liquid Support 0a [deg] 0, [deg] 0.- 0,[deg]
PES 16.6+0.2 9.6+0.2 7.0
PVDF 12.5+0.7 7.4+0.1 51
[EMIM][Tf,N] Nylon 10.3+0.5 6.8+0.6 3.5
PP 12.3£0.5 7.8+0.6 45
PES 14.5+0.6 8.3+0.2 6.2
PVDF 15.5+0.6 8.4+0.19 7.1
[EMIM][TfO] Nylon 14.2+0.3 8.1+0.2 6.1
PP 11.8+0.9 5.6:0.7 6.2
PES 16.9+0.2 8.2+0.2 8.7
PVDF 19.2+0.5 10.9+0.5 8.3
[BMIM][Tf,N] Nylon 10.7+0.4 8.4+0.3 2.3
PP 13.9+0.4 8.0+0.3 5.9
PES 15.5+0.2 8.1+0.2 74
PVDF 18.3£0.6 10.4+0.7 7.9
[BMIM][TfO] Nylon 8.1+0.3 6.6+0.1 15
PP 10.5+0.3 8.8+0.5 1.7
Table 5. Thickness of pure and immobilized with ionic liquid membranes
T Thickness
Support lonic Liquid [um]
none 117.73 £2.52
[EMIM][Tf,N] 133.52 £ 8.56
PES [EMIM][TTO] 138.40 £2.07
[BMIM][Tf,N] 148.85 £ 4.50
[BMIM][TfO] 144.17 £ 1.93
none 159.92 +£1.83
[EMIM][Tf,N] 179.95 + 5.34
PVDE [EMIM][TfO] 170.01 £ 2.80
[BMIM][Tf,N] 186.78 +3.89
[BMIM][TfO] 204.57 £7.37
none 114.51+3.24
[EMIM][Tf,N] 121.10 +£3.62
Nylon [EMIM][TfO] 122.61 £3.27
[BMIM][Tf,N] 117.15+£2.34
[BMIM][TfO] 119.15+£3.29
none 74.57 £2.29
[EMIM][Tf,N] 86.93 £2.31
PP [EMIM][TfO] 82.39+£2.63
[BMIM][Tf,N] 105.80 + 6.44
[BMIM][TfO] 104.80 = 5.63
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4. Summary

Properties of commercial membranes characterized in this study affect the
effectiveness of gas separation processes based on supported ionic liqguid membranes.
One of the major factors affecting such processes in membrane stability. Stability of
systems is then characterized for example by pressure resistance, wettability and
swelling of the support. Wettability of polymeric support with ionic liquids was
examined. The results show that it is possible to use ionic liquids as the membrane
phase in the supported liquids membranes and to apply such systems for selective
separation of carbon dioxide from other gases (Joskowska et al., 2010).
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Abstract. In this study the influence of chosen detergents on the rheology of highly loaded
coal-water slurries (60%,,) made up from coals of differents degree of carbonization from
steam coal rank of 31.2 through 33 to coking coal rank of 35.1 according to Polish Standards
were tested. In the experiments the nonionic types of chemicals - Rokwinol 60
(polyoxyethylated sorbite oleate, CgsH124026), Rokanol LO18 (RO (CH,CH,0), H, where R —
alkyl radical consisting of 16 to 18 carbon atoms in the carbon chain and "n" is around 18),
manufactured by Chemical Factory "ROKITA " in Brzeg Dolny, Poland as well as anionic
sodium lignosulphonate LSP, a by-product from cellulose production, were used. The
detergents used were of a commercial purity. They were chosen taking into account the
structure of molecules. Molecules of the surfactants used differ in space structure. Rokanol
LO18 has a linear structure, Rokwinol 60 as a derivative of sorbitol has a branched structure
whereas sodium lignosulphonate has complicated space structure. The price and accessibility
of the detergents used were also considered.

The test results clearly showed that the rheological properties of the CWS depend
significantly on both the type of coal and the type of surfactant. The slurries prepared in this
study exhibit pseudoplastic and dilatant properties. The same surfactant, depending on the type
of coal, may give the CWS of different rheological behaviour.

It was supposed that besides of electrostatic and dispersing forces the steric affect plays a
significant role in the CWSs fluidity.

The coal-water slurries, made up from all tested coals without addition of detergents, had
consistency of dense mud and their viscosities were not measured..

keywords: coal-water slurries, CWS, coal-water slurry fuels, CWSF, rheology, surfactants

1. Introduction

In recent years, considerable research has been devoted to producing concentrated
coal-water slurries, which can be used as a suitable replacement for oil in several
industrial applications. Such slurries, which can be shipped and pipelined, are now
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commercially providing a convenient way of transporting coal over long distances.
Coal slurries can also be stored in tanks, which is beneficial in industrial areas.

Several physical properties have been identified as responsible for controlling the
properties of the suspensions. They are: the physicochemical properties of the coal,
solids volume fraction and particle size distribution, inter-particle interactions in the
suspension which are affected by the nature of the surface groups, pH and the presence
of electrolytes and chemical additives as well as the temperature of the suspension
(Laskowski, 2001; Dincer et al., 2003; Boylu et al., 2004).

In general, it has been shown, that coal particles that have been rendered mutually
repulsive (e.g. through the adsorption of ionic or non-ionic surfactants) form a well-
dispersed suspension. These suspensions are characterized by low viscosity but form
hard sediments that are difficult to redisperse when left to stand (Tudor et al., 1996).

A state of weak flocculation exists in these suspensions when the attractive forces
exceed the repulsive forces, and this results in the particles being held together in
loose aggregates or flocs. This flocculated state avoids the formation of hard
sediments (Tudor et al.,1996).

The mutual interactions between coal grains in the slurry depend on its surface
energy which one is the result of slurry composition and may be the measure of the
slurry response (Slaczka et al., 2005; Slaczka and Wasilczyk, 2010).

Due to the calorific value, coal concentration in the slurry should be not less than
55% wt. One of the major requirements to be met in preparing Coal-Water Slurry
Fuels is that it must have as high as possible coal concentration and a minimum
viscosity, to allow ease of handling during preparation, storage, transfer and atom-
ization. However, it is generally known, that the viscosity of CWS increases with the
coal concentration in the slurry, and that the stability of the suspension becomes poor
if the viscosity is reduced (Papachristodoulou and Tras, 1987; Henderson et al., 1983).
Consequently, the problem is how to maintain the highest possible solid concentration
and stability simultaneously, at a given or optimum viscosity. To obtain such
properties it is necessary to manipulate essentially two major factors: the concentration
of the slurry and the addition of suitable fluidizers and stabilizers.

Accordingly, chemical additives are very important in enhancing the fluidity of the
coal-water slurries, and the selection of excellent dispersing additives should be
recognized as one of the most essential factors in the preparation of highly loaded
CWS fuels with reasonably low viscosities.

The rheological properties of CWSs in relation to different additives were subject
of interest of many researchers. They investigated the influence of different factors on
the apparent viscosity of CWSs (Turian et al., 2002; Logos, 1996; Slaczka, 2004).
Therefore in practical terms, the slurry must have a low viscosity at the moderate shear
rates that are characteristic of pumping (10-200 s™). Also, the slurry should possess
low viscosity at shear rates corresponding to the atomization process (5000-30000 s™%),
because it has been found that low slurry viscosity leads to small droplet sizes during
atomization of CWS and hence an increase in the carbon conversion efficiency in a



The effect of chemicals on the rheology of highly loaded coal water slurries (CWS) 143

boiler or furnace. Therefore, it is believed that desirable rheological characteristics of
CWS would include the phenomenon of pseudoplastic response to increasing shear
rate (Nam-Sun et al., 1995).

In this study, the effects of different chemicals used as dispersing agents on the
viscosity of CWS were investigated. The coal samples used were Polish coals of
different ranks. Two types of surfactant, nonionic and anionic, were used as dispersing
agents.

2. Experimental
2.1. Materials

2.1.1. Coals

CWS were made up from coal samples of different degrees of carbonification from
steam coal rank of 31.2 through 33 to coking coal rank of 35.1 according to Polish
Standards.

The proximate analysis of the coal samples and their ranks are given in Table 1.

Table 1. Proximate analysis of investigated coals

Higher volatil Rank
Ash Sulphur  calorific olatiie
Coal (9] (%] value matter
(1] (1] 0, .
[MJ/kg] [%] Polish ECC Geneva
Standard
6.9 0.6 27.8 32.3 31.2 060130380706 33
B 34 0.4 33.1 30.1 33 090326300304 35
C 4.7 0.4 34.2 23.8 35.1 110218240404 36

2.1.2 Detergents

Additives, which are mainly surfactants and potentially may be used as fluidizers
and stabilizes in CWSF technology are numerous.

This work is focused on three of them belonging to three different groups of
chemicals: Rokanol LO18 (nonionic surfactant, RO (CH, CH, O), H, where R means
unsaturated alkyl radical consists of 16 to 18 carbon atoms in the chain and n equal to
around 18), Rokwinol 60 (nonionic surfactant being polyoxyethylated sorbitol
stearate, CgqH124026, molecular weight of around 1300), and sodium lignosulphonate
LSP (anionic compound which is a by-product of cellulose production. It was of
commercial purity grade). The detergents were chosen taking the structure of
molecules into account. The price and accessibility of the detergent used were also
considered. Rokanol LO18 has a linear structure, while Rokwinol 60, as a derivative
of sorbitol, has a branched structure, whereas sodium lignosulphonate has a
complicated space structure.
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2.2. Slurry preparation

The grain size of the coal sample was reduced below 1 mm using laboratory scale
jaw crusher, cone mill and disintegrator. Then, the coal samples were rubbed in an
agate mortar for 30 minutes together with water and proper additive to get a slurry of
coal concentration equal to 60 wt% and 1.0 wt% of dispersant (based on dry coal).
The slurries obtained in this way contained 95% grains below 0.1 mm.

The frequency distribution of the grain size in the slurries were very similar. For
example Fig. 1 provides the frequency distribution of the slurry prepared from coal B.

10

8

Frequency [%]

3 5 10 20 40 83 254

Grain size [um]

Fig. 1. Grain size distribution of coal B in the slurry

2.3. Rheology measurements

The rheological curves were obtained using a Rheotest 2 viscometer with the vane
spindle at 25 to 500 rev/min. The pH value of the slurry varied between 5.8 and 6.0 in
all the experiments. The temperature was kept constant within 20 and 21°C. The shear
stress-shear rate curves obtained from the experiments were fitted to the Ostwald-de
Waele or power law model

1= Ky"

where K and n are rheological constants referred to a fluid consistency coefficient and
flow behavior index, respectively. For n = 1 this equation reduces to Newton's law of
viscosity with K =1/y, hence the departure of n from unity indicates the degree of
deviation from the Newtonian behaviour. Rheograms of shear stress versus shear rate
as well as apparent viscosity versus shear rate are presented in Fig. 2.

Coal-water slurries made up from the all tested coals without addition detergents
had consistency of a dense mud. Therefore, their rheological curves were not
determined.
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Fig. 2. Effect of surfactant on the rheological behavior of the slurries tested
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In the Figures there are also given the best fit power law equations describing the
rheological properties of the slurries tested.

The flow behavior indices n taken from the best fit power low model formulas are
given in the Table 1.

Table 1. Effect of surfactant addition on flow behavior index of the slurries tested

Flow behavior index (n)

Coal
LSP Rokwinol 60 Rokanol LO18
0.688 0.440 -
B 1.005 0.427 1.297
Cc 1.062 1.514 1.542

3. Results and discussion

From Figure 2 it is visible, that the rheological behavior of all the tested slurries fits
the Ostwald-de Waele model. Nevertheless, Fig. 2 and Table 1 also show large
differences in slurry rheological responses between different kinds of coal and
surfactant used.

The results showed that the slurry based on coal A (rank of 31.2) exhibits shear
thinning, i.e. pseudoplastic behaviour (n<1). That means it has lower apparent
viscosity at higher shear rates both for Rokwinol 60 and LSP used as additives. In that
case, one can observe rapidly decreasing of apparent viscosity when the shear rate
grows. However, in the case of the Rokanol LO18 used as the additive, the slurry was
devoid of the fluidity at all (there is no proper curves in Figure 2).

The slurries made up from coal B (rank of 33) and coal C (rank of 35.1) exhibit
different rheological response, depending on the additive used. Namely, it was found
that the slurry based on coal B with Rokwinol 60 reveals pseudoplastic behaviour
(n<1), whereas with Rokanol LO18 it is shear-thickening or dilatant fluid (n>1). This
means that it increases its apparent viscosity at higher shear rates. The same slurry
with the LSP reveals almost Newtonian behavior (n=1.005) and rather low apparent
viscosity.

The slurries made up from coal C (rank of 35.1) with Rokanol LO18 and Rokwinol
60 exhibits dilatant behaviour (n>1), whereas with the LSP the slurry becomes
practically Newtonian fluid of low apparent viscosity.

Typically, SLP as the anionic surfactant in a CWS adsorbs on hydrophobic sites of
the coal and consequently impart a negative charge to the coal particles. Since the
counter-cations are strongly attracted to the interfaces, and electrical double layer is
formed. These counter-cations are usually distributed in the diffuse layer when there is
no specific adsorption. Alternatively, some of the counter-cations are associated with
the surface in the Stern layer. This electrical double layer creates repulsive interaction
forces caused by the overlap of the double layers, preventing the aggregation of the
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coal particles. It leads to increase in fluidity of the slurry in the presence of the SLP
(coals B and C).

One should notice that the detergents used differ in the space structure. Molecules
of Rokanol LO18 has a linear structure, Rokwinol 60 has branched molecules whereas
LSP molecules has complex and space structure. Experiments showed that introducing
SLP to the CWSs based on coals B and C leads to almost Newtonian fluids of low
viscosities. It indicates that besides of electrostatic and dispersing forces, the space
structure of detergents molecules used as fluidizers in CWSs preparation, plays the
significant role.

Adsorption on coal grains molecules of the SLP, branched in space, creates large
distances between coal grains in the slurry. Water fills these spaces and acts as
a lubricant which leads to a decrease in apparent viscosity.

In the case of coals A and B with nonionic Rokwinol 60 (molecular weight about
1300) one can suppose that the large molecular chains adsorbed on the coal surface
tumble at random and affect large volumes of fluid under low shear, but that they
gradually align themselves in the direction of increasing shear and produce less
resistance. The decrease in apparent viscosity of CWSs influenced by Rokwinol 60
may be explained also by another mechanism. Hydrophilic spots on the coal surface
attach hydrophilic poles of the surfactant. The hydrophobic poles of the surfactant will
thus orient itself towards the aqueous phase. In this case, water acts as a lubricating
material between the coal particles. In contrast, if the hydrophilic part orients itself
towards the aqueous phase, the amount of water at the surface of the coal particle will
be increased by hydrogen bonding with the polyethoxy chain. This will produce a
hydration layer or solvation shell of water around the coal particles and prevent
agglomeration by eliminating preference between other coal particles and water. This
might decrease the viscosity if the hydrophilic chains act to separate the coal particles
by cushioning them and allowing them to slip against one another.

It is obvious, that slurries of dilatant properties are not useful as slurry fuels.
Such properties make impossible pumping them and atomization in burners as well.

Summarizing, one can say that among tested systems for preparation of Coal-Water
Slurry fuels the best are these composed of coal C and LSP and of coal B with LSP or
Rokwinol 60 as the additives.

4. Conclusions

The test results clearly show that the rheological properties of CWSs depend
significantly on both the type of coal and surfactant. The slurries prepared in this study
exhibit pseudoplastic as well as dilatant properties. The same surfactant, depending on
the type of coal, may give the CWS of different rheological behavior.

The experiments showed that LSP has a considerable influence on the rheological
properties of the coal-water slurries. The slurries of coals B and C in which LSP used
as the additive reveal almost newtonian behavior and its apparent viscosity was
diminished significantly.



148 A. Slaczka, A. Wasilczyk

It was supposed that besides of electrostatic and dispersing forces, the steric effects
play a significant role in the CWSs fluidity.

The coal-water slurries made up from all the tested coals without addition of
detergents had consistency of dense mud and their viscosities were not measured.
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Tomasz P. OLEJNIK

Faculty of Process and Environmental Engineering, Technical University of Lodz, Wolczanska 213, 90-
924 Lodz, tomasz.olejnik@p.lodz.pl

Abstract. The article presents the results of studies on the kinetics of grinding of granite taking
into consideration the morphology and mechanical properties of particular size fractions of the
feed. The study was conducted in a mill on a semi-technical scale. Milling was carried out
periodically using several sets of grinding media. The output fraction of the ground material
was of size 3-5 mm. The granulometric analysis of the raw material was carried out in a
multiple manner. The granulometric composition of milling product was analyzed every 30
minutes. Simultaneously, ground material was subjected to an analysis of the shape of grains
and microscopic analysis of morphology and chemical composition. Strength tests of grains
were performed applying selected fractions of particle size ranges. The change of particle
breakage rate function Si, for selected particles size ranges, was described with the Austin-
Gardner expression. The influence of destructive force on kinetics of grinding was defined.

keywords: ball mill, specific grinding rate, grain morphology, contact points

1. Introduction

The grinding mechanism comes down to the division of solid particles into the
grains of smaller size and that this process is evoked by the action of external loads,
exceeding the limit of endurance and can damage the atomic or molecular bonds
(Blumenauer and Pusch 1981). Since each rupture of the material in each zone of load
precedes deformation, the implementation of the process of grinding requires
provision of the necessary amount of energy. This amount being conditioned with the
size of deformation, elastic properties of deformed material and the type of load.

Simultaneously, uneven internal structure of the material to be ground, numerous
micro and macro cracks weaken the cohesion forces between particles forming a
crystallographic network of grain. Destruction of the internal cohesion of the grain,
cracking the grains into smaller sized items, requires exceeding the required levels of
cohesion force distribution (under the action of external forces). The described
phenomenon may be caused by normal stretching or shearing stresses (Mostafa 2003).
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The grinding in ball mills is determined by a complex nature of the impact of
grinding media on the ground raw material. Main geometrical dimensions of drum
grinding mill and the size and type of motion affect the speed of the grinding process
as well as the final composition of grinding. The grinding is performed primarily
through a complex interaction of grinding media on the ground material being located
between them or between the inner surface of grinding media. Grains of material to be
ground that will be in these areas are mainly abraded and thinned, with the possibility
of participation of the crushing mechanism (Lynch 1974; Shipway and Hutchings
1993). Energy transfer is conditioned by the energy level of the working parts of the
mill. The basic energy level assumed in the potential energy of the Earth's gravity
conditions. A measure of the energy level grinding is therefore the ratio of the
dynamic forces to the forces of gravity or kinetic energy into potential energy of
grinding media (Cole and Peters 2007).

Practically low efficiency of the grinding process forces engineers to look for
process parameters being optimal from the point of view of energy inputs to obtain the
shortest possible milling time. Considering this point of view, examined the effects of
grinding in a ball mill, taking into account the analysis of the results, the
morphological structure and chemical composition of grains, and their resistance to
normal stresses.

The objective of the investigation was to determine the effect of a variable number
of grinding media for grinding process, taking into account the individual properties of
particles such as yield strength for normal forces and the shape of the grain (Hornga et
al., 2009). Mechanical properties of the grain may determine the change in value of
breakage rate function S; in the corresponding size frictions of the grains. The study
was conducted for granite. Due to the morphology of particles of granite, which is
characterized by a very heterogeneous structure, it is expected that the fragmentation
process takes place in such a way that it provides very different grain size particles,
and substantially different shape. The observed diversity of the feed may determine
the value of parameters in the Austin-Gardner equation (Eqg. 1), and the specific
numerical values may depend on process parameters such as number and size of
grinding media.

2. Process parameters

The grinding process was conducted under dry conditions. Kinetic studies of
milling were carried out for a semi-technical mill. Basic technical information
concerning the mill is shown in Table 1

Granite was subjected to crushing in a ball mill. This is a solid, acidic magma-deep
rock, medium or thickly-crystalline of overtly-crystalline structure distinguished by a
clear symmetry planes, usually in three orthogonal directions (Cappell and White
2001). The bulk density of granite, was determined after a freely drop and after 10
minutes of shaking of the measurement sample. Bulk density was, respectively, equal
to 1394 kg/m® and 1410 kg/m®, and its average value was equal to 1402 kg/m®.
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Material used for milling was from 5 to 8 mm in size. Filling the mill with grinding
media with a feed accounted for 30% of the total capacity of the mill.

Milling process was carried out in a batch mode using several sets of balls. The
total mass of the balls used for milling was about 41 kg. Sampling of the feed was
measured every 30 minutes, taking a mass of about 0.6 kg for analysis. Milling was
performed using four sets of balls, labeled sequentially I, II, Il and IV. Size and
weight of balls for each measurement series are provided in Table 2. Furthermore, the
statistical estimated number of contact points for each set of balls was determined
(Mort 2003).

Table 1. Basic parameters of a semi-industrial mill

internal diameter, m 0.5
total capacity, m® 0.112
rotation frequency n, min’ 31

Table 2. Number composition and ball mass for particular series

Series | I 11 v
Ball diameter, mm Ball mass, kg / Number of contact points
10 - 6 /27588 1/6424 -
20 - 12.3/11176 12.5/11363 11/9999
30 - 12.3/2035 12.5/2068 15/ 2475
40 - 10/671 15/1001 15/1001
60 40/512 - - -
Sum 40/512 40.6 /50611 41 /14432 41/ 13475

3. Analysis of results

Samples were subjected to granulometric, morphological, chemical and strength
analyses. The chemical composition, determined by the number of atoms of different
elements included in the composition of chemical compounds and grain morphology,
were examined using a scanning electron microscope. The analysis of the shape of
grains and grain composition was performed using Analyzer 3D AWK made by
Kamika Instruments. Furthermore, a fractional sieve analysis was carried out to rule
out a measurement error associated with the testing method applied. The results of the
analysis allowed to determine the granulometric composition of milled material at
particular moments of grinding time. To determine the shape of particles fraction
analysis according to Zingg (1935) was used.

Table 3 shows the chemical composition and atomic fractions of particular
chemical elements of particular chemical elements for chosen size fraction of grains.

In combination with a chemical composition analysis, an optical grain analysis was
carried out. With this aim in mind, a scanning microscope was utilized. Figures 1 and
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2 show a selected granite surface for a size fraction of 1.6 — 2.0 and 0.2 — 0.3 mm.

Selected grains from each size fraction were subjected to strength examinations.
Single grains were exposed to shearing stresses. Crushing tests were performed with
INSTRON 3300. To make the results uniform, for each grain size fraction multiple
tests were conducted to exclude the measurement error. The results of strength
analyses, that is the values of compression forces and destructive stresses evoked by
them, are summarized in Table 5.

Table 3. Atomic fractions of elements present in the chemical compound composition associated
with the structure of granite

A chemical Grain size fraction
compound / element 1.6-20 125-14 08-10 04-05 02-03
Atomic fractions, %

CaCO; /C 4,58 4.82 11.52 9.91 8.39
Sio, /O 64.72 65.77 56.36 63.05 66.85
Allbite /Na 1.71 1.87 1.78 0.63 143
MgoO /Mg 0.52 0.64 0.38 0.24 0.31
AlLO; /Al 4.66 4.60 5.29 1.39 291
Sio, /Si 19.78 17.51 18.63 23.56 18.2
Feldspar /K 1.81 1.91 1.83 0.56 0.81
Wollastonite / Ca 0.53 0.50 0.96 0.12 0.3
/Ti 0.18 0.23 0.26 - 0.09
/ Fe 1.54 2.14 2.92 0.54 0.70

Basing on the granulometric composition changes, disintegration rates of particular
size fractions using authors’ computer program were calculated (Olejnik 2009, 2010).
For calculations, Egq. 1 of Gardner and Austin was applied for discrete values of
fractions, assuming ideal mixing of the milled material:

A _ i-1
\Z—'t(t) ==Sw (1) + D S;b ;- w; (1), @
j=1i>1

where

bi;« — particle size distribution function in time

Si, Si— specific grinding rate (distribution parameter) of particles in fraction i or j

T —grinding time, min

At —time increment

w; — the mass of grains from size grade i

w; —the mass of grains from size grade j

Awi(t) — increment of the mass of grains from size grade i.

For better presentation of results, we defined also the mean geometrical grain size
by using Eq. 2:
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n
dszzdsi - X (2)
i=1
where, x; — mass fraction of particles in size fraction i; ds; — mean (arithmetic) particle
size in size fraction i, mm.

The rate coefficients S; for particular size fractions are shown in Table 4. For
particles of granite, characterized by distinct cracks and fissures, devastating impact of
grinding media causes a rapid change in the particle size. Granite used in the study is
characterized with a high susceptibility to grinding being reflected in a high value of
distribution parameter (Table 4) for all tested grain size ranges.

Strength tests were performed for selected grains, with the appropriate fraction size
ranges. To eliminate measurement error, the sample test was repeated several times,
averaging the results while calculating the average measurement error and standard
deviation.

Fig. 2. Granite grain, size fraction of 0.2 — 0.3 mm. Magnification about 5000x
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Table 4. Disintegration rates S; (distribution parameter) of grain fractions d for investigated series

ds Si(l): min_l Si(ll): min_l Si(lll): min_l Si(IV): min_l
25 0.00244 0.0115 0.00517 0.00781
1.8 0.00221 0.015 0.00806 0.01208
15 0.00115 0.017 0.00911 0.01018
1.32 0.00372 0.0165 0.0147 0.0147
1.13 0.00306 0.0169 0.0163 0.0203
0.9 0.00291 0.0197 0.0224 0.0128
0.4 0.0198 0.0356 0.0071 0.0211

Table 5. The values of normal forces and destructive stresses

Grain size fraction, mm  Mean destructive force, N  Mean destructive stresses, MPa

3+2 279.4 14.01
1.6+2.0 135 13.27
125+14 126.4 22.93
08+1.0 57.66 22.67
0.4+0.5 64.98 48.72

For a size fraction of granite grains between 2 and 3 mm, there are the highest
average grain destructive forces. Their value is more than 270 N. In the course of
destruction tests, there was a tendency to reduce the medium destructive forces with
decreasing average grain size. For the smallest particles in the range of 0.5 to 0.8 mm,
destructive forces were approximately 60 N.

Simultaneously, with the decreasing grain size, the opposite trend was observed
concerning the normal stress. For the largest particles, the destructive stress was
around 14 MPa, and increased to a value of about 50 MPa, for the smallest ones. The
observed trend may be elucidated by the morphology of the grains. From the physico-
chemical analysis — the zone investigated with the application of a scanning electron
microscope it may be inferred that the change in grain size does not entail a change in
the atomic composition and indirectly, chemical composition (Table 3).
Simultaneously, Zingg’s analysis points to the fact that the grains in the whole range
of variation of its size, have a shape resembling a sphere. The example results of
analysis of samples taken at 30" and 210™ minute after the start of grinding, for series
| are given respectively in Fig. 3 and 4.

The observed tendency concerning the growth of destructive stresses at a
simultaneous reduction of the size of the load can be explained by the increase in
deformation of the grain structure without losing the cohesiveness of the material.
While for the larger particles it is possible to obtain the presence of a soft matrix,
weakening the structure of the material, then for smaller particles subjected to
fragmentation one obtains a homogeneous material. However, the analysis of image of
the surface of grains does not confirm this assumption.
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For large and small grains, we have similar elemental compositions, which is
tantamount to saying that for the investigated range of variation of grain size of
granite, there occur the same chemicals. And if so, the grains should have similar
mechanical properties. Even more interesting conclusions can be drawn by analyzing
the rate of grinding balls for different compositions of balls. The observed differences
in susceptibility of the tested materials to grinding can lead to a differentiated
composition and size, and hence, masses of balls.

For relatively large particles, a crucial mechanism causing fragmentation of the
granite will be crushing. Grinding effect for the smallest particles can be determined
by abrasion. For large particles the grinding media should have a sufficiently large
kinetic energy that is apt to overcome the internal forces of cohesion within the grain.
If the milling is conducted for a composition of balls of large diameter, increased
energy of balls will occur for the largest grains. In this case, wearing of large grains
causes the formation of the smallest fraction but not necessarily a transition of
destroyed grain to a fraction of finer grains. Only long-time wear can reduce the grain
size large enough to make it over into a smaller size ranges.

An analysis of grinding speed leads to the conclusion on the mechanism of
crushing that the impact grinding occurs at the initial stage of grinding. The effect of
grinding is greater for larger particles and smaller broken grains are mainly ground by
the mechanism of wear. This is due to the fact of a greater probability of finding the
grain in the area between grinding media. While the impact effect on large grains
increases with increasing weight of the grinding media, so for small particles a
decisive meaning is played by abrasive action grinding occurring between the grinding
media and feed.

The shortest times of grinding needed to obtain a suitable granulation product were
attained for two measurement series | and Il. This corresponds to two different
configurations of the balls. For series | there occurs a small number of theoretical
contact points (512). On the other hand, for series Il, one has the greatest number of
all contact points (Table 2). Considering the economic criterion, the two compositions
of balls are justified, however, the analysis of disintegration rate of individual size
fractions indicates more favorable conditions for the milling of series Il (Table 4, refer
to column S(11)).

Grains with relatively small size in comparison to the size of balls, have a smaller
chance of being in the area of impact grinding (Georgalli and Reuter, 2008).
Therefore, from the grinding efficiency point of view, the most important is point
contact of the particles with the balls. This is when replace of large grinding media
with smaller media. Changing the size of balls, is changed the number of contact
points. Due to the fact that the rate of milling of small size fractions increases with the
number of contact points can describe mathematically the size of grinding media most
appropriate for the economy grinding process. The expression for mathematical
models will be possible after examination of the grinding process of other minerals
with a different morphology.
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Fig. 3. Distribution of granite grain shape obtained after 30 minutes of milling. Measurement
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Fig. 4. Distribution of granite grain shape obtained after 210 minutes of milling. Measurement
series |

Economic aspects of milling is shown in Fig. 5 containing curves of the average
grain size changes in time using different sets of grinding media. Therefore, the
change of the characteristic (diameter) grain size is accompanied by a change in grain
cross-section. The mathematical expression describing the relationship between these
values is changed to the second power of linear dimension. Considering the state of
stress in the two grains of granite differing significantly in terms of characteristic size,
it is possible with the application of weaker destructive power, in favor of smaller
grains. Trends of decreasing normal forces and the corresponding increase of
destructive stress for smaller grains are shown in Table 5.

For measurement series 11, there are greater milling rates of small size fractions (of
the order from 0.0197 to 0.0356 min™). Thus, the theoretical total decay time of size
fraction of 0.9 mm is circa 50 minutes for measurement series Il and until 341 minutes
for Series I. The difference in the time of the disappearance of size fractions illustrates
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the positive impact of increased number of contact points on the process kinetics for
the small size fractions.

2
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Fig. 5. The curves of change in time of the mean grain size of granite for four compositions of balls

4. Conclusions

Basing on the results, the following conclusions can be drawn. The kinetics of
milling is determined by the strength of the stress-destructive particles depending on
the morphology of the shredded material. Variation in size of balls may significantly
affect the dominant mechanism of grinding of the grain. It is feasible to attain the
required granulometric composition through the selection of the size of grinding
media.
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Abstract. Carbon dioxide and water vapor were effectively photoconverted to methane using
either pure or modified-TiO, and UV-Vis irradiation. The process of photoconversion in the
gas phase was carried out in a tubular reactor equipped with a perforated TiO,-coated support.
The effect of selected parameters of TiO, immobilization procedure, such as the time and
temperature of drying step and the photocatalyst amount, on photocatalytic efficiency was
investigated. The effect of TiO, loading with Ag/Au nanoparticles on CO, photoconversion
efficiency was also studied. CH, was found to be the major photoreduction product. The
highest methane production was observed after irradiation of CO,+H,0 mixture over Au-TiO,
photocatalyst. After one hour of UV-Vis irradiation 503 ppm of methane was formed.

keywords: TiO,, photoreduction, CO, photoconversion, titanium dioxide

1. Introduction

The reduction of carbon dioxide has recently been regarded as an important
research area in chemical technology, not only for solving the problems resulting from
environmental pollution, but also for finding ways to maintain carbon resources,
which are being depleted by burning fossil fuels. Photocatalytic CO, conversion offers
a promising way for clean, low cost and environmentally friendly production of fuels
by solar energy. Photocatalytic reduction of CO, could be carried out in CO,-saturated
aqueous solution containing suspended TiO, (Li et al., 2010; Dey et al., 2004) liquid
CO, (Kaneco et al., 1997), high pressure CO, system with TiO, powders suspended in
isopropyl alcohol (Kaneco et al., 1998) and in the gas phase - CO, with H,O vapor
irradiated over TiO, (Tan et al., 2008; Xia et al., 2007; Nguyen et al., 2008; Tan et al.,
2006). The UV-irradiated TiO, surface can generate electrons to reduce the CO,
molecules present in aqueous and gaseous streams at ambient temperature and
pressure conditions. Photogenerated electron-hole pairs migrate to the surface and in
the presence of H,O molecules lead to the reduction of CO, in CH4 and compounds
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such as C,H,, CH30OH, C,HsOH at the solid-gas interface (Usubharatana et al., 2006;
Varghese et al., 2009).

Photocatalytic reactions could be carried out in the presence of pure and modified
TiO, (Fujishima et al., 2006; Chatterjee et al. 2005; Zaleska, 2008). Zhang et al.
(2011) studied the effect of calcination temperature (375, 450, 550°C) and dopant
concentration of iodine (I,) (5, 10, 15 wt.%) on the efficiency of photoconversion. A
fixed amount of powder catalyst (200 mg) was dispersed on a glass-fiber filter and
placed at the bottom of the cylindrical photoreactor. The photocatalytic activities of
the I-TiO, powders were investigated by photocatalytic reduction of CO, with H,0O
under visible light (>400 nm) and also under UV-visible illumination. CO was found
to be the major photoreduction product. A high efficiency of CO, reduction was
observed for 10 wt.% I-TiO, photocatalysts (the highest CO vyield equivalent to
2.4 umol-g™-h™) under visible light. The highest activity in the presence of UV-Vis
light showed 5 wt.% I-TiO,, calcined at 375°C (600 ppm after 90 minutes), and the
increase in calcination temperature decreased the efficiency of the process of
photoreduction. Too high iodine doping level may result in recombination centers and
thus lower the photocatalytic activity (Zhang et al., 2011). Photocatalytic reduction of
CO, with H,0 in the gaseous phase was studied by Chen et al. (2009) using thin films
P-25 (prepared by reactive magnetron sputtering) under UV irradiation (100 W). The
main product of the reaction of methane was also detected in the form of trace
amounts of other hydrocarbons such as methanol. The highest concentration of the
products was observed for pure anatase, and the lowest for pure rutile. Chen et al.
(2009) have shown that there is synergy between CO, concentration and the
temperature of the process. The highest methane yields were produced under the
optimal combination of high CO, concentration (approximate 45% volume) and
elevated temperature (approximately 80°C). Under these conditions, after 4 h of
irradiation 200 nmol of methane were received. It was also noted that conditions of
TiO, film synthesis at the surface of boro-silicate glass (e.g. deposition angle during
current magnetron sputtering) affected the effectiveness of the process (Chen et al.,
2009). The results obtained by Tan et al. (2006) confirmed that CO, could be reformed
in the presence of water vapor and TiO,-P 25 pellets into CH, under continuous UV
irradiation at ambient conditions. Total CH, yield was 200 ppm and lower than
100 ppm after 48 h of irradiation with UVC (253.7 nm) and UVA (365 nm),
respectively (Tan et al., 2006). Li et al. (2010) studied a photoconversion process
using Cu/TiO,-SiO,. Glass wool was placed in the reactor as the support for the glass
fiber filter loaded with a thick film of powder catalysts. The glass wool support was
also moisturized with 3.0 g deionized water to maintain saturated water vapor in the
reactor. Irradiation source was a Xenon lamp (irradiation intensity 2.4 mW/cm?). The
measured production rate of the products increased with the irradiation time and
reached a peak value at around 4 h. The methane production rate was 13.2 umol/(g-h).
It was found that a photocatalyst after regeneration can be used again for
photoconversion process but its activity is already significantly lower (Li et al., 2010).
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Photocatalytic reduction of CO, with H,O in the gaseous phase was studied by Nguyen
et al. (2008) using Cu-Fe/TiO, catalyst coated on optical fibers under UVA and UVC
irradiation. Methane and ethylene were observed as the main products to evolve from
this photoreactor. The presence of Fe as a co-dopant in Cu/TiO, photocatalyst was
found to synergistically reduce CO, with H,O to ethylene at the quantum yield and
total energy efficiency of 0.024% and 0.016%, respectively. This phenomenon could
be explained by an efficient charge transfer mechanism between TiO, as a support and
Cu as well as Fe as co-dopants. Methane was formed more favorably than ethylene on
Cu/TiO,. Meanwhile, Fe as a co-dopant on Cu/TiO, photocatalyst was found to
depress methane formation. The highest ethylene production rate was observed for
TiO, doped with 0.25 wt.% of Cu and 0.25 wt.% of Fe and it was 0.53 pmol(g-h)™*
(Nguyen et al., 2008). Thus, the efficiency of currently available TiO,-based
photocatalysts is still not sufficient for practical use. Therefore, the development of
new ones and optimization of existing photocatalysts exhibiting activity upon visible
light with surface characteristics of improved performance and of high chemical and
physical stability are crucial for broader scale utilization of photocatalytic systems in
commercial applications. To avoid the above listed problems and to improve solar
photocatalytic CO,-to-light hydrocarbons conversion two main approaches are
proposed: (1) TiO, modification to increase the spectral sensitivity of TiO,-based
photocatalysts to visible light and to compete with electron-hole recombination (by
metal and non-metal co-doping), and (2) enhancement of interface surface area by
photoreactor design.

Apart from photocatalyst properties, the activity is also affected by the method and
parameters of a photocatalyst immobilization procedure. In our investigation, TiO,-
based photocatalyst was deposited on the surface of a flat perforated steel tray, easily
removable from the reactor. The photoreactor was equipped with a parabolic,
aluminum mirror to concentrate light. Thus, the aim of this study was to investigate
the effect of selected parameters of immobilization step, such as the time and
temperature of drying and the photocatalyst amount, on photocatalytic efficiency.

2. Experimental
2.1. Materials

TiO, P-25 having mixed anatase and rutile structure 4:1 (particle size 40 nm, Sger
= 50m?/g), was obtained from Evonik, Germany. Titanium isopropoxide (pure p.a.;
TIP) was purchased from Aldrich and used as titanium source for the preparation of
TiO, nanoparticles. Hydrogen tetrachloroaurate(lll) tetrahydrate (99.9%) and silver
nitrate were provided by POCh and used as starting materials for the preparation of
gold/silver nanoparticles. Sodium borohydride and ascorbic acid (99%) were
purchased from Aldrich and used as reducing agents. Cyclohexane was used as
continuous oil phase, sodium bis-(2-ethylhexyl) sulfosuccinate (AOT) purchased from
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Aldrich as surfactants, 2-propanol as a cosurfactant and aqueous solution as the
dispersed phase.

2.2. Photocatalytic conversion of carbon dioxide

Compressed CO, from a cylinder was led to the photoreactor via a gas flow meter,
a safety tank equipped with a manometer and an absorber with demineralized water.
The reactor chamber was purged with CO, gas for 30 min with 80 dm*h"gas flow
rate. The reaction system was maintained at 4903 Pa positive pressure. After 30 min
purging, the reaction chamber was closed and irradiated using 1000 W Xenon lamp
(Oriel), which emits both UV and visible light. The optical path included a 10 cm
thick water filter to cut off IR. A schematic illustration of the batch reactor system for
the CO, photoreduction test is shown in Fig. 1.

The photocatalytic reduction CO, was tested in a bench-scale photocatalytic reactor
(V=314 cm®) with a perforated TiO,-cover tray. The reactor chamber was made of a
cylindrical quartz tube (i.d. 50 mm, length 160 mm) and equipped with inlet and outlet
valves, as shown in Fig. 2.

Perforated removable trays were placed in the quartz tube, which served as a
reaction chamber and was positioned over aluminum parabolic mirror with 188.4 cm?
collecting area. Thus, the in-going gas phase passed through the perforated barrier and
was irradiated from the top by incident radiation, and from the bottom by reflected
light.

The TiO, suspension was prepared by addition of an appropriate amount of water
to 0.5 g of the photocatalyst. Both sides of the internal element of the photoreactor
were coated with TiO»-based suspension by painting procedure. The obtained TiO,-
coated support was dried from 5 to 35 hours at different temperatures (80, 120 or
160°C). A steel or plastic support was used to check the impact of such a support on
the effectiveness of the process.
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Fig. 1. Schematic illustration of the batch reactor system for the CO, photoreduction test:
1) cylinder of CO,; 2) gas cylinder valve; 3) water bubbler; 4) gas flow meter; 5) photoreactor equipped
with a quartz window; 6) water filter; 7) inlet and outlet cooling water; 8) xenon lamp; 9) feeder



Carbon dioxide photoconversion. The effect of titanium dioxide immobilization conditions ... 163

1 —
-~ . 1
o L Al A // 2 :g
~ ﬁ — — — e fp————— ] _5
3\4 i sy
= s o s s iy, P
A-A
5
r |
L Al

Fig. 2. Schematic diagram of the photoreactor: 1) quartz tube; 2) perforated TiO,-covered tray;
3) gas inlet; 4) gas outlet; 5) parabolic mirror; 6) sampling port

2.3. Gas chromatographic analysis

A Perkin-Elmer model Clarus 500 gas chromatograph was used together with a
porapak-Q 100-120 mesh column (2m x 2.1 mm i.d.) equipped with a flame
ionization detector. In each case a 0.200 cm® of gaseous sample were injected in a
splitless mode. The operating conditions were as follows: the initial GC column
temperature 105°C. The injector temperature was 150°C and the detector temperature
was 220°C. The carrier gas used was nitrogen. The flow was kept at a constant 17
cm®min. The gas phase from the reaction chamber was sampled by the gas-tight
membrane. The gas samples were analyzed in a duplicate at given periods of time. The
retention time for methane, ethene and ethane was respectively 0.74, 1.31 and
1.58 minutes.

3. Results and discussion

For studying the photocatalytic conversion of CO, into light hydrocarbon with the
TiO,, it was necessary to investigate the influence of the selected parameters affecting
the step of photocatalyst immobilization (e.g. the drying temperature and time, the
type of support and TiO, amount). The efficiency of CO, photoconversion was
estimated as methane concentration after 1 h irradiation of CO,+H,O mixture over
TiO, supported on the surface of a flat perforated steel tray. The TiO, P-25/UV-Vis
system was chosen as a reference generating methane as the main product of CO,
photoconversion. Commercially available TiO, P25 was chosen for this investigation
as a standard used in heterogeneous photocatalysis. The effect of these parameters was
achieved in separate experiments and is presented in Tables 1-3. Table 1 shows the
efficiency of methane generation in the presence of P-25 dried in different
temperatures after a coating process. It was found that the increase of drying
temperature from 80 to 120°C resulted in the increase of methane concentration from
36 to 66 ppm, respectively. However, as the drying temperature increased up to
160°C, CH, concentration decreased, reaching the lowest value equal to 4.7 ppm (see
Table 1).
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The effect of the drying time of TiO, suspension deposited on the surface of a flat
perforated steel tray on CO, photoconversion efficiency is presented in Table 2. The
obtained data suggested, that the increase in drying time from 5 to 20 h resulted in the
increase of methane concentration from 24 to 90 ppm. However, time elongation to
35 h caused only slight increase in methane concentration. After 60 min. irradiation of
CO,+H,0 mixture over TiO, dried in 35 h, methane concentration was 99 ppm. Thus,
a 20-hour drying time was chosen for further investigations to save energy during the
preparation procedure.

Table 1. The effect of drying temperature TiO, on CO, photoconversion efficiency
(drying time: 20 h, photocatalyst: P-25, average photocatalyst amount: 0.37 g)

Methane concentration after 1h exposure for UV-Vis

Drying temperature [°C] irradiation [ppm]

80 36
120 66
160 4.7

Table 2. The effect of drying time TiO, on CO, photoconversion efficiency
(drying temperature: 120°C, photocatalyst: P-25, average photocatalyst amount: 0.37 g) )

Methane concentration after 1h exposure for UV-Vis

Drying time [h] irradiation [ppm]

5 24
20 90
35 99

The influence of TiO, amount applied to the surface during coating procedure on
CO, photoconversion was also investigated and is presented in Table 3. The
enhancement in the photocatalytic efficiency for higher amount of P-25 deposited on
the porous steel tray was observed. It is expected that introducing a higher amount of
TiO, can extend the surface area of the available photocatalyst and raise efficiency of
CO, photoconversion. Methane concentration will amount to 39, 90 and 135 ppm for
TiO, mass equal to 0.2541, 0.3642 and 0.4825 g, respectively. Further increase in
TiO, amount resulted in mechanical instability of the obtained TiO, thin film. It was
noticed that for a higher amount of the photocatalyst, TiO, layer suffered cracking and
TiO, partly fell away during the photoconversion process.

Steel and plastic trays were tested as TiO, support materials. Both trays had the
same size and perforation pattern. The same coating procedure resulted in a much
lower amount deposited on the surface of the plastic tray due to weaker adhesive
properties. The amount of the photocatalyst deposited on the surface of the steel and
plastic plates was equal to 0.37 and 0.08 g of TiO,, respectively. Thus, the application
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of a plastic support caused the decrease in methane concentration to 34 ppm after 1 h
of irradiation (see Table 4).

Table 3. The effect of TiO, amount on CO, photoconversion efficiency
(drying temperature 120°C, drying time 20 h, photocatalyst P-25)

Mass of the photocatalyst deposited Methane concentration after 1h exposure
on the surface of a perforated steel tray [g] for UV-Vis irradiation [ppm]
0.2541 39
0.3642 90
0.4825 135

Table 4. The effect of the type of support on CO, photoconversion efficiency
(drying temperature 120 °C, drying time 20 h, photocatalyst P-25)

Methane concentration after 1h exposure for UV-Vis

Type of support irradiation [ppm]
steel %0
plastic 34

After selecting conditions of the photocatalyst immobilization step, TiO, modified
with noble metals was used for CO, photoconversion. TiO, modified with
monometallic nanoparticles (Ag or Au) and TiO, modified with bimetallic
nanoparticles  (Ag/Au) were prepared using a microemulsion  system
(water/AOT/cyclohexane) according to the procedure described by Zielinska-Jurek et
al. (2011). The efficiency of methane generation, after a 1 h exposure of CO,+H,0
mixture to UV-Vis irradiation over noble metal modified TiO,, are presented in Table
5.

Table 5. The efficiency of CO, photoconversion in the presence of TiO, modified with noble metal
nanoparticles (immobilization conditions: drying temperature 120°C,
drying time 20 h, a steel perforated tray)

Amount of metal

Metal precursor ~ Precursorsused Methane concentration after ~ Mass of the
Type of ; during preparation TiO, ;
dopant used dur_mg Lo source: 1h exposure to UV-Vis photocatalyst
preparation ___[mol-%] irradiation [ppm] [a]
Au  Ag
Ag AgNO; - 6.5 TIP 493 0.4002
Au HAuCI, 15 - TIP 503 0.4165
Ag/Au AgH’\ACJ%";‘”d 05 25 TIP 164 0.4636
4

1TIP — TiO, obtained by hydrolysis of titanium(IV) isopropoxide in the microemulsion system
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Higher efficiency of CO, photoconversion was observed for TiO, modified with
gold nanoparticles. 503 ppm of methane were obtained in the presence of the sample
1.5% AU/TiO, after one hour of exposure to UV-Vis irradiation. Photoconversion
efficiency for the modified photocatalyst bimetal nanoparticles Ag-Au/TiO, aftera 1 h
exposure to UV-Vis irradiation was 164 ppm. The obtained results suggested that the
deposition of gold or silver nanoparticles on the surface of TiO, resulted in the
enhancement of CO, photoconversion efficiency. Noble metals deposited or doped
with TiO, have high Schottky barriers among the metals and thus act as electron traps,
facilitating electron—hole separation and promoting the interfacial electron transfer
process (Li et al., 2010; Dey et al., 2004). Additionally, noble-metal nanoparticles
have often been used to extend the absorption properties from the ultraviolet to visible
region and to enhance the photocatalytic activity of titanium(IV) oxide (Kaneco et al.,
1997; Tan et al.,, 2008; Xia et al., 2007; Nguyen et al., 2008). Silver and gold
nanoparticles possess the ability to absorb visible light, due to localized surface
plasmon resonance (LSPR).

4. Conclusions

Selected parameters of TiO, immobilization on the surface of inert support in the
CO, photoconversion were investigated. It was found that drying temperature and
time, the type of support, as well as the amount of used TiO, significantly affected the
efficiency of the CO, photoreduction process. The highest methane concentration was
observed since TiO, was deposited on the surface of a perforated steel tray and dried
at 120°C for 20 h. It has been found that with the increase of the mass of TiO, the
efficiency of the process increases. Up to five-fold higher methane concentration was
observed after 1 h irradiation in the presence of TiO, modified with noble metal
nanoparticles than that of pure TiO,.
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Abstract. The Trzebionka Mine settling pond is located in south Poland and has a significant
impact on quality of surrounding soil and groundwater. This is mainly due to toxic elements
present in wastes disposed in the pond. The wastes are mainly flotation tailings after processing
of zinc and lead ores. In the paper, chemical composition of the wastes is presented. Problems
with surface water contamination by the Trzebionka Mine settling pond are also presented in
the article. It was shown that most problems result from contaminants flowing down in the
unsaturated zone, reaching ground waters and then flowing horizontally leading to pollution of
the surface water. As a result, the canal surrounding the post-flotation pond as well as
Luszowka and Wodna streams and finally the Chechlo river are contaminated. In order to
protect these waters a permeable reactive barrier (PRB) technology is proposed to be used in
the vicinity of the considered dumping site. The PRB technology is a technique of groundwater
remediation in which the contaminants are removed from an aquifer by flowing through a PRB
filled with a special material called reactive material. The processes which can be used to treat
groundwater contaminated by the Trzebionka Mine settling pond are redox reactions,
adsorption and biochemical reactions. At the end of the article a proper selection of reactive
materials, and thus treating processes, for efficient PRB application in the considered dumping
site area is suggested.

keywords: flotation waste of Pb-Zn production, metals and non-metals in groundwater and in
surface water, remediation, PRB Technology

1. Introduction

The Silesia and Cracow province has been developing for hundreds of years. There
are mining, power and metallurgical industries in this region. As a result of heavy
industry expansion, many dumping sites exits in the area. Some of them are old and
forgotten, some are still used, and new are being created. The dumping sites affect the
quality of ground and surface water in this region (Cabala, 2005, 2009; Girczys and
Sobik-Szottysek, 2002; Labus, 1999).
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The flotation wastes from Trzebionka Mining Company plant processing Zn and
Pb ores had been located in the Trzebionka Mine settling pond for over half a century.
Rainfall water either flows through the dumping site or forms a surface run-off, and
consequently contains different contaminants. Water flows down in the unsaturated
zone, reaches the groundwater and then flows horizontally polluting surface water.
The leachate from the dumping site may contain different kinds of chemicals like
inorganic anions, oxyanions and cations. To remove them from the groundwater, and
thus to protect surface water, PRB (Permeable Reactive Barrier) technology may be
used. This technology is a technique of groundwater remediation where contaminants
are removed from an aquifer by the groundwater flow through a PRB filled with a
special material called reactive material. The PRB technique of groundwater
remediation is a passive one. Contaminants treatment can be accomplished may occur
with the reactive material through physicochemical, chemical and/or biochemical
processes. The PRB technology has the potential to effectively remediate subsurface
contamination at many types of sites with significant cost savings compared to other
approaches. The economic benefits of the PRB technique results from the fact that
relatively little energy or labour input is necessary.

The primary goals of this study were to present the impact of the Trzebionka Mine
settling pond on groundwater and then on surface water, as well as to present the
processes and reactive materials that can be used in the PRB technology for treating
groundwater contaminated with metals and non-metals by the Trzebionka Mine
settling pond.

2. The impact of settling pond the Trzebionka Mine on water environment

The Trzebionka Mine settling pond (Fig. 1) is located between Chrzanow and
Trzebinia towns in the southern part of the Silesia-Cracow Upland. It belongs to
Trzebionka Mining Company (presently under liquidation) and occupies ca. 0,65 km?
(Nowak, 2008). In the dumping site the flotation waste of zinc and lead ores had been
stored in the form of suspension containing dolomite, quartz mixed with zinc
sulphides (sphalerite ZnS) and lead carbonates (cerussite PbCQOj3) (Jarosinski et al.,
2006; Nowak, 2008). The chemical composition of the Zn-Pb waste is presented in
Table 1.

The contaminants present in the Zn-Pb waste pollute nearby Luszowka and Wodna
streams. Both streams discharge their waters into the Chechlo river (Fig. 1). To
confirm that the ground and surface water are polluted by the dumping site leaching
tests for wastes taken from the considered dumping site were made. The experiments
were performed according to EU Standard (2006). The liquid/solid ratio (L/S) in the
leaching tests was 10.

Eight samples of wastes (ca. 1 kg each) were taken from the dumping site. Each
sample was made homogeneous before the test. The locations of samples collection
are shown in Fig. 1. The depth of sampling points amounted to ca. 0.5 m below
ground surface. The wastes were sampled with the use of a paddle.
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The concentrations of following elements As, Cd, Ni, Pb, Zn in wastes (for each

sample) were measured with the help of Mass Spectrometry (ICP-AES). The results
are presented in Table 2.

Gate filled with Zn-Pb ore
reactive material mine
- proposed

Settling pond
Trzebionka

Funnel
- proposed

Gate filled with
reactive material
- proposed

Direction of
water flow

Fig. 1. Surface water in the region of the Trzebionka Mine settling pond plotted using own data
and Mapa Turystyczna (2011)

The arithmetic average and maximum concentration of chosen elements leached
from wastes amounted to: Asy = 94 mg/kg; ASmax = 155 mg/kg; Cd., = 48 mg/kg;
Cdmax = 81 mg/kg; Nigy = 42 mg/kg; Nimax = 68 mg/kg; Pb,, = 129 mg/kg; Pbmay = 192
mg/kg; Zn, = 936 mg/kg; Znma = 1232 mg/kg, whereas pH = 7.31 and EC = 4.820
mS/cm. The results show that there is high probability that investigated elements can
be leached from the Trzebionka Mine settling pond under prevalent pH conditions.
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Table 1. Chemical composition of flotation waste from Trzebionka Mining Company
(Jarosinski et al., 2006)

Component mean value [%] Component mean value [%]
Ca0 30.08 S 0.76
MgO 17.50 Sn 0.042
CO, 39.2 As 0.039

Al,O, 2.10 Cu 0.021
SiO, 2.07 Mn 0.02
Fe 2.03 Cl 0.015
Zn 0.89 Cd 0.009
Pb 0.40 Sh 0.0014
Zn0O 0.49 Ag 0.0003
PbO 0.33

Table 2. Concentration of As, Cd, Ni, Pb, Zn leached from wastes taken from the investigated dumping

site (Fig. 1)
Concentration of elements leached from wastes taken from the indicated sampling point
Element [in mg/kg]

1 2 3 4 5 6 7 8

As 95 118 155 45 88 71 81 99

Cd 37 81 70 41 15 24 73 44

Ni 17 61 59 44 55 68 22 10
Pb 88 118 104 75 192 126 155 174
Zn 472 988 1174 658 1064 893 1007 1232

High concentration of metals and non-metals in surface water (Table 3) located
nearby the settling pond confirms also the surface water pollution by the dumping site.
Water in Luszowka stream and in the draining canal area of the post-flotation settling
pond is slightly alkaline (pH 8) (Pasieczna et al., 2008). Electric conductivity (EC) in
these waters amounted to 0.79 mS/cm and 3.96 mS/cm (median values), respectively
(Pasieczna et al., 2008). Since an electric conductivity value above 2 mS/cm indicates
substandard water, such a high value of EC proves strong contamination of water in
the canal.

The measurements, which results are presented in Table 3, were made in the years
of 2003-2005, that is before liquidation of Trzebionka Mining Company. During this
time the settling pond was not the only source of surface water contamination. Some
wastewater (slightly contaminated with Zn, Pb, Cd) from the ore mine and from ore
concentration plant was poured in the Wodna stream (Fig. 1) and in the Trzebionka
Mine settling pond (with flotation waste) (Jarosinski et al., 2006; Pasieczna et al.,
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2008). Nevertheless, it can be said that the presented in Fig. 1 dumping site was one of
the main sources of groundwater and because of that surface water contamination.

Due to toxicity of chemical components of the waste (Table 1) and their high
concentration in the surface water (Table 3) and in eluates (Table 2), arsenic,
cadmium, nickel, lead, thallium, uranium, and zinc create hazards for the aqueous
environment.

Table 3. Concentration of contaminants (metals and non-metals and other selected compounds) in surface
water contaminated by the Trzebionka Mine settling pond (flotation waste of Zn-Pb ores) considered by
Pasieczna et al. (2008) as a presumable source of contamination (on the bases of the Chrzanéw map sheet
by Pasieczna et al. (2008)

Contaminant Concentration of contaminants in:
Luszowka stream canal surrounding post-flotation pond

As max 10 pg/dm?; median 2 pg/dm? max 6 ug/dm®, median 3 pg/dm?®
Ba max 83.41 pug/dm?®; median 58,17 pg/dm®  max 10 pg/dm?®; median 2 pg/dm?
B max 627ug/dm?®; median 200 pg/dm?® max 131 pg/dm®; median 107 ug/dm?
Cd max 10.5 pug/dm®; median <0.2 ug/dm? max 3.8 ug/dm?; median 1.0 pg/dm?®
Pb max 21.0 ug/dm®; median 1.1 ug/dm? max 31.9 pg/dm®; median 9.4 ug/dm®
Li max 10 pg/dm?; median 7 pg/dm? max 26 ug/dm?®; median 9 pug/dm®
Mo max 3.86 pg/dm?; median 2.21 pg/dm? max 8.41 pg/dm®; median 4.68 pg/dm?®
Ni max 7 pg/dm®; median 1 pg/dm?® max 48 pg/dm?; median 6 pg/dm®
Rb max 12.4 pg/dm® median 5.0 pg/dm® max 16 ug/dm?; median 7.6 ug/dm?
Sr max 970.5 ug/dm?®; median 424.5 pg/dm®  max 1018.4 pg/dm®; median 854.1 pg/dm?®
Tl max 0.75 pg/dm®; median 0.09 pug/dm? max 10.79 ug/dm?®; median 0.74 pg/dm®
u max 1.03 pg/dm®; median 0.60 pg/dm? max 1.25 pg/dm?; median 0.82 pg/dm?

SO% max 1347 mg/dm®; median 181 mg/dm® max 4593 mg/dm?®; median 3181 mg/dm?
Zn max 1491 pg/dm?®; median 140 pg/dm? max 6602 pg/dm?; median 1681 pg/dm?

3. Selection of processes and reactive materials for treating groundwater
contaminated by the Trzebionka Mine settling pond

According to future plans (Gazeta Krakowska, 2011) 70-m-high the Trzebionka
Mine settling pond will be a place for viewing and admiring the landscape. Although
the wastewater from the ore concentration plant and the mine will not be directed
(after liquidation) to the settling pond and to surface water any longer, the problem
connected with leaching elements from the waste to groundwater and to surface water
will remain. Therefore, in order to protect these waters, the PRB technology can be
used in the vicinity of the dumping sites.

The PRB technology is a technique of groundwater remediation. With the use of it,
many toxic contaminants can be removed from groundwater. This technique is a
passive one, in which contaminants are removed from an aquifer by flowing through a
reactive barrier filled with a reactive material (Gavaskar et al., 2000; ITRC, 2005;
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Meggyes et al., 1998; Puls et al., 1998; Suponik, 2010). The processes applied to treat
groundwater contaminated with metals and non-metals are (Suponik, 2008) include:
redox reactions which lead to precipitation of metals, pH control (precipitation),
adsorption, and biochemical reactions which lead to precipitation of metals by
sulphate-reducing bacteria.

Table 4. Reactive materials used in laboratory or field test for different kind of inorganic contaminants
(Gavaskar et al., 2000; ITRC, 2005; Koziol-Komosinska and Kukulka, 2008; Koziot, 2002;
Puls et al., 1998; Suponik and Lutynski, 2009; U.S. Department of Energy, 1998; Wilkin and Puls, 2003)

inorganic contaminants

; : type of
other reactive material
metal non-metal process
compounds
6+ i
Al, Sb, Ba, Cd, Cr™, Co, Cu, Pb, Mn, As, Se NO:, SOZ zero-valent

Mo, Ni, Ag, sr, TI, Tc, U metals (iron)

precipitation

ferrous barriers -
hydroxide, retipx
Cr, Mo, Tc, U As ferrous reactions
carbonate,

ferrous sulphide

precipitation

Cd, Mo, U As, Se S0,% limestone barriers - pH
control
activated
As, Se alumina
Sb, Bi, Cs, Cr, Scr?,ngi:\/Io, Ag, Te, tin As activated carbon
adsorption
Tc, U exchange resins barriers
Cr, Pb, Mo, U, Cu, Cd, Zn, Ni As o ra peat, lignite,
brown coal
Al, Ba, Cd, C’\c:i, g:oss,rc[:l CZun Pb, Mn, Hg, As, Se seolite
coasta_l hay, precipitation
wood chips, saw barriers —
Cd, Co, Cu, Pb, Mn, Hg, Ni, Sn, Zn S0,% dust, livestock h g
biochemical
manure, sludge, reactions
compost

The crucial question in the case of contaminated groundwater is whether it is
possible to use the PRB technology in an effective way. In the paper by Suponik and
Lutynski (2009) factors that limit PRB application were discussed. One of the most
important factor during reactive material (and thus process) selection is the type of
contaminants. A compilation of laboratory and field research into chemicals treated
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with reactive material is provided in Table 4 (Gavaskar et al., 2000; ITRC, 2005;
Kyziol-Komosinska and Kukutka, 2008; Kyziol, 2002; Puls et al., 1998; Suponik and
Lutynski, 2009; U.S. Department of Energy, 1998; Wilkin and Puls, 2003). It is
classified into the type of inorganic contaminant, reactive material type, and finally in
the type of the principal process which allows to remove contaminants from
groundwater.

On the basis of Table 4 it can be claimed, that the possible processes and reactive
materials for use with PRB to remove As, Cd, Ni, Pb, Tl, U, Zn from groundwater are:

1. redox reactions with the use of zero-valent iron — there is no evidence that this
barrier removes Zn,

2. biochemical reactions with the use of biomaterial presented in Table 4 — there is
no evidence that this barrier removes As, Tl, U,

3. adsorption with the use of zeolite — there is no evidence that this barrier
removes TI.

These processes are shortly discussed below.

Zero-valent iron Fe(0) is an efficient, easy to use and cheap reactive material for
removing metals and non-metals by redox reactions. It is applied when groundwater
contains positively charged inorganic cations such as Cd**, Co**, Cu®*, Ni**, Pb**, and
negatively charged anions and oxyanions containing As(lll), As(V), Cr(VI), Se(VI),
Te(vIl).

Reactive barriers filled with Fe(0) have several advantages over others ones. Zero-
valent iron can work effectively and long (without replacement the material). So, the
maintenance costs are rather low. Moreover, scrap iron is relatively cheap and can be
obtained in a granular form in large guantities.

Heavy metals can be treated through biochemical reactions in the PRB (ITRC,
2005). In accordance with many studies (e.g. Canova, 2006) the primary removal
mechanisms for the metals are sulphate-reducing bacteria (SRB). Bacteria obtain their
energy by oxidizing simple organic compounds or molecular hydrogen H, while
reducing sulphates SO4* to sulphides, especially to hydrogen sulphide H,S (Schulze
and Mooney, 1994). An example of a biomaterial that encourages growth of sulphate-
reducing bacteria in PRB are coastal hay, wood chips, saw dust, livestock manure
(Canova, 2006), sludge and compost. The SRB obligates anaerobes, which prefer the
following conditions: pH between 5 and 8; Eh ca. -200mV. A typical overall
conversion equation (neglecting the small amount of organic material required to
produce biomass) is:

SO,%* +CH,COOH + 2H" —> HS™ + 2HCO, ™ +3H". 1)

The reduction product of reaction (1), hydrogen sulphide, is a volatile gas. The
form in which sulphide occurs depends on the pH. HS™ and S*, which occur at neutral
and high pH respectively, are both water soluble. H,S is the predominant form at low
pH <6 (Cohen, 2006) because:
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H,S—>HS +H" -»S% +2H". (2)

The sulphides react with metal ions to precipitate them as metal sulphides, many of
which are stable under anaerobic conditions of the treatment system (Cohen, 2006).
The heavy metal ions react with dissolved sulphide according to the following
reaction:

HS™ +Me* —>MeS, +H". 3)

Bio-barriers are considered a unique type of PRB. Due to delivering amendments
into the subsurface (e.g. compost, correction of pH) this PRB works less passively
then filled with Fe(0) and may incur greater operation and maintenance costs.

Adsorption is a process that occurs when a liquid solute accumulates on the surface
of a solid adsorbent, forming a molecular or atomic film (the adsorbate). The manner
and strength of fixation is of great importance in relation to the possibility of
remobilisation, and is strongly influenced by parameters such as concentration,
solubility, and speciation of the contaminants and co-solvents, and the prevalent pH,
oxidation-reduction potential and temperature conditions (Roehl et al., 2000).
Sorption material must meet the following conditions: high sorption capacity, high
selectivity for the target contaminants, fast reaction Kkinetics, high hydraulic
permeability, long-term effectiveness. It should be non-harmful to the environment,
available at reasonable costs (Kowal and Swiderska-Broz, 1996; Roehl et al., 2000),
insoluble, not biodegradable, and easy to apply. Unfortunately, sorption material
should be replaced and regenerated frequently due to the effects of potential
desorption or reversed ion-exchange. This aspect makes adsorption barrier rather
expensive and not attractive comparing to other types.

Since the bio-barrier works less passively then reactive barrier filled with Fe(0) and
adsorption material (zeolite) needs to be replaced and regenerated frequently, the zero-
valent iron seems to be the best reactive material for treating groundwater
contaminated with As, Cd, Ni, Pb, TI, U. It is effective, relatively cheap and works
long.

Unfortunately, zinc is the only toxic element (among contaminants presented in
Table 3) that is not treatable by Fe(0). With regard to this element, it can be removed
from groundwater by adsorption on zeolite, peat or lignite (Table 4), or by
biochemical reactions with the use of the SRB (Table 4). Both processes are able to
remove also organic and inorganic chemicals from groundwater.

In general, granulated zero-valent iron might be used in the first segment of the
reactive barrier, whereas adsorbent or bio-material might be used as a second segment.
Since most chemicals can be removed with Fe(0), the material applied in the second
segment would not be used completely and it could treat residual contaminants.

To take a decision whether the PRB can be accepted or not in the initial stage of
the assessment of possibilities of using the PRB technology, various additional data
are needed to be either obtained or measured (Suponik and Lutynski, 2009). They are:
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hydrogeological, geological and site, and contaminated groundwater characteristics.
Furthermore, in order to assess the effectiveness of suggested processes, laboratory
tests with the use of contaminated groundwater and chosen reactive materials need to
be performed.

The PRB is currently built in two basic configurations: Continuous Reactive
Barrier and Funnel-and-Gate System (Puls et al., 1998; Roehl et al., 2005) divided
into: Funnel-and-Gate Open System and Funnel-and-Gate Closed System. The
Funnel-and-Gate Closed System was proposed for the area of The Trzebionka Mine
settling pond, because it uses impermeable walls (funnel) to closed contaminated
region (Fig. 1). The funnel directs the contaminant plume to a “gate(s)” containing the
reactive material. Thanks to this configuration it uses less reactive material. In this
case the gate(s) should be located in a place which is characterized by the highest
discharge of the water flux and the highest concentrations of contaminants. Therefore,
to properly locate gate(s) in the vicinity of dumping sites the flow direction of
contaminated groundwater should be assessed (location of gates presented in Fig. 1 is
only a proposal). The configuration of the PRB proposed in Fig. 1 consists of two
gates, each ca. 25 m long and approximately 1.8 km of impermeable walls.

Estimating the cost of the PRB is a difficult task in this stage of consideration,
since a number of factors need to be evaluated, including:

— site characterization costs: complete vertical and horizontal delineation of the
groundwater plume and characterization of hydrogeologic, geochemical, geotechnical,
and microbiological conditions,

— design costs: treatability studies and modelling,

— construction costs: purchase and installation of reactive material and
impermeable wall,

— operation and maintenance costs: monitoring and reporting costs and
replacement of reactive material.

The total costs of the PRBs vary widely depending on the site type and PRB
characteristics. In general, the depth and length of the PRB continue to drive the costs
of PRB application (Gavaskar et al., 2000). For example (in the USA the costs is
different from that in Poland) the cost was:

— from $100 000 in Mountain View, California. Fe(0) was used in Continuous
Reactive Barrier. Treatment zone depth ca. 5 m; reactive zone length ca. 14 m, total
mass reactant 90 Mg (Puls et al., 1998),

— to $1 000 000 in Lakewood, Colorado. Fe(0) was used in the Funnel-and-Gate
Open System. Funnel material: Sealable Joint Sheet Piles, funnel length 320 m, No. of
gates 4, treatment zone depth ca. 7 m, reactive zone length 4x12 m=48 m, total mass
reactant - no information available, total system length 368 m (Puls et al., 1998).

Since the second segment of the reactive barrier consisted of adsorbent or bio-
material and length of the proposed (in the area of The Trzebionka Mine settling pond)
PRB is high, the total costs may be high. Originally, the cost of a PRB was compared
to a pump-and-treat system (alternative method). According to Gavaskar et al. (2000),
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ITRC (2005), Puls et al. (1998) this system is generally more expensive than PRB.
Therefore, today, pump-and-treat systems are not being used at the same number of
sites as in past years. This reduction is partially due to issues involving overall
effectiveness and the high cost of operation and maintenance for the pump-and-treat
systems. Therefore, it may turned out that the PRB with Fe(0) in the first segment of
the reactive barrier and adsorbent or bio-material in the second segment is the cheapest
and the most effective method for protecting Luszowka and Wodna streams, and, as a
result of it, the Chechlo river.

4. Conclusions

The Trzebionka Mine settling pond has a significant impact on the quality of
groundwater, and thereby on the surface water, Luszowka and Wodna streams and
Chechlo river. The chemical composition of flotation waste located in it shows high
concentration of various metals and non-metals. Leaching tests confirm that they
migrate to water. The metals and non-metals flow down (in the form of dissolved in
water) in the unsaturated zone, reach the groundwater and then flow horizontally and
pollute surface water (with arsenic, cadmium, nickel, lead, thallium, uranium, and
zinc). There are three processes in the PRB technology that are able to remove metals
and non-metals from groundwater contaminated by the Trzebionka Mine settling
pond. They are: redox and biochemical reactions and adsorption. In order to keep the
operation and maintenance cost of the PRB relatively low and to achieve high
effectiveness of the treatment process the redox reaction with zero-valent iron was
chosen and proposed to be used as a first segment of the reactive barrier, and
biochemical reactions with SRB or adsorption process with zeolite, peat or lignite
were proposed to be used as a second segment - to remove zinc from groundwater and
to treat residual contaminants (remained after first segment).
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Abstract. Hybrid systems of silica and polyhedral oligomeric silsesquioxanes (SiO,/POSS)
were obtained by the mechanical method with the use of spherical or hydrated silicas,
precipitated in the emulsion or aqueous environment. The SiO, surface was modified with the
following cage silsesquioxanes: hepta(isobutyl)2-triethoxysilylethyloctasilsesquioxane, octakis
({3-glycidoxy-propyl}dimethylsiloxy)octasilsesquioxane and octakis ({3-methacryloxypropyl}
dimethylsiloxy)-octasilsesquioxane. The nanofillers obtained were subjected to thorough
dispersive analysis (NIBS method) and morphological analysis (transmission electron
microscopy). Their wettability in water systems was evaluated and their adsorption activity
was characterised by determination of the specific surface area BET, pore diameters and
volume. Thermal stability of the nanofillers was checked. The effect of surface modification on
the degree of coverage was assessed on the basis of elemental analysis.

keywords: SiO,, hybrid nanofillers, polyhedral oligomeric silsesquioxanes, mechanical
treatment, surface morphology

1. Introduction

Nanotechnology is a new highly attractive field of science that combines the
achievements in chemistry, physics, biotechnology, informatics and material science
(Makles, 2005; Swiderski, 2008). It includes fundamental studies and application at
either molecular or atomic levels. The size of nanoparticles varies from 1 to 100 nm
(Huang, 2010). Mineral nanomaterials are commonly used as fillers of polymer
composites and their addition improves certain important parameters of the
composites like thermal stability (Swiderski, 2008). Extended range of application of
polymer materials has stimulated the need for new and versatile materials of improved
properties. The search for new nanofillers has led to development of new organic-
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inorganic hybrid materials such as polyhedral oligomeric silsesquioxanes (POSS).

POSS are described by the chemical formula of (RSiO;s), (Carmo do Ribeiro,
2007) and are intermediates between silica SiO, and silicones RSiO (lyer, 2007). The
R group localised at the corners of the cage can be an arbitrary organic substituent.

Hybrid-ceramic structure of oligosilsesquioxanes ensures high thermal stability and
makes it possible to maintain the original mechanical properties of these compounds
while in polymer composites (DeArmitt, 2008).

Moreover, the compounds have a wide range of melting points and decomposition
temperatures and very low volatility (Chiu, 2010).

Silica which is the main skeleton or matrix of silsesquioxanes is the most common
component of the Earth crust. It occurs in the amorphous or crystalline (quartz,
tridymite) forms (Oldenburg, 1998; Westcott, 1998). Silica has been widely applied in
nanotechnology, glass production, electronic industry, construction industry and many
other areas. It is highly stable, chemically inert, shows high mechanical strength and
high susceptibility to modifications (Georgakilas, 2008). Functionalisation of silica
particles has been proved very successful and has been most often performed with
silane proadhesive compounds, polymers and single metal atoms (Oldenburg, 1998;
Westcott, 1998).

The hitherto achievements in functionalisation of the surface of silica fillers have
prompted the attempts at modification of silica surface with oligosilsesquioxanes by
the mechanical method and production of SiO,/POSS type hybrid systems as a new
class of nanofillers. The study is aimed at an attempt of binding POSS compounds to
the silica surface to get the best possible adhesion and/ or chemical interactions
between the support and the modifier. So far no such attempts have been made.

2. Experimental

POSS compounds were obtained by a two-stage synthesis including the “corner
capping” and hydrosilylation reactions performed in the same conditions over a
Karstedt catalyst in the amount of 1.10° mol Pt/mol Si-H and toluene or
tetrahydrofurane (THF) as a solvent. The syntheses of monosubstituted and
octasubstituted oligosilsesquioxanes are presented in Figs. 1 and 2 (Dutkiewicz, 20009;
Marciniec, 2010).

The process of hybrid production was begun with obtaining silica under laboratory
conditions in the quarter-technical scale.

The silica precipitation process was preceded by preparation of two emulsions, of
which the alkaline one (E1) contained appropriate volume of sodium silicate solution
and cyclohexane. The other was an acidic emulsion (E2) and contained hydrochloric
acid and an organic solvent. The third component of both emulsion involved the same
emulsifier, added to the emulsions in various amounts. Emulsion E2 was placed in a
reactor and emulsion E1 was introduced in doses to the reactor while its entire content
was mixed using a homogeniser. The precipitated silica was destabilised and then, the
organic solvent was distilled off.
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Another sample of silica was precipitated from water solution. A 5% solution of
sodium silicate and a 5% solution of sulphuric acid were added in doses to aqueous
solution of the hydrophobising agent (unsaturated fatty alcohol of a medium degree of
oxyethylenation 7). The coagulating agent added to this reaction mixture was sodium
sulphate. The product of the reaction was white silica precipitate, which was separated
from the post-reaction mixture by vacuum filtration. The precipitate was washed a few
times with hot water to remove the residues of the post-reaction salt and the surfactant,
then the precipitate was subjected to convection drying at 105°C for 24h.
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Fig. 1. Synthesis of monosubstituted polyhedral oligomeric silsesquioxanes
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Fig. 2. Synthesis of octasubstituted polyhedral oligomeric silsesquioxanes

The hybrid nanofillers of SiO,/POSS type were obtained by the mechanical method
in an electric mortar RM 100 made by Retsch. A portion of silica precipitated in the
emulsion or water system was placed in the mortar and then a mixture of POSS and 10
cm® of toluene was introduced by a peristaltic pump PP1B—05A made by Zalimp, at a
constant rate of 0.3 cm*min. The modifying mixture was introduced in the amounts of
3, 5 or 10 weight parts by mass of SiO,. After introduction of the whole portion of the
mixture the contents were ground for 30 minutes. Then, the whole content was moved
to a flask of 500 cm?® in capacity and placed in a vacuum evaporator Rotavapor RII
made by Biichi Labortechnik AG to remove the solvent. The final step was drying by
convection at 120°C for 48 h (chamber drier SEL-I3, made by Memmert). The
method of obtaining the hybrid nanofillers is schematically illustrated in Fig. 3.
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Fig. 3. Scheme of functional nanofillers mechanical preparation

The final product was accurately characterised by a number of methods. The
particle size distributions of the samples were measured by a Zetasizer Nano ZS, made
by Malvern Instruments Ltd., enabling measurements in the range 0.6-6000 nm (NIBS
method). Microstructures of the samples were analysed in the images obtained by the
transmission (TEM Joel, 1200 EX I1) and scanning electron microscopy (SEM Zeiss,
VO40). The wettability with water was measured by a tensiometer K100 made by
Kriiss equipped with necessary attachments. For selected hybrid systems the nitrogen
adsorption/desorption isotherms were recorded using an ASAP 2020 analyser, made
by Micromeritics Instrument Co., to measure the specific surface area BET (Sget) and
then obtain the pore diameter (Sp) and volume (Vp). Thermal stability of the
nanomaterials obtained was assessed by thermogravimetric analysis TG/DTA (Jupiter
STA 449 F3, Netzsch). The degree of coverage was evaluated on the basis of the
Berendsen and de Golan formula (Berendsen, 1978), on the basis of the data from the
elemental analysis (Vario EL Cube, Elementar) and specific surface area of the initial
silica.

3. Results and discussion

Hybrid nanofillers were prepared on the basis of silica obtained either in the
emulsion or aqueous system. The modifying substances were some monosubstituted
cage silsesquioxanes hepta(isobutyl)2-triethoxysilylethyloctasilsesquioxane (K-
POSS), and octasubstituted ones octakis ({3-glycidoxypropyl}dimethyl-siloxy)
octasilsesquioxane (G-POSS) and octakis ({3-methacryloxypropyl }-dimethylsiloxy)
octasilsesquioxane (M-POSS). The initial silicas precipitated in the emulsion or water
systems were functionalised with the cage silsesquioxanes by the mechanical method.
Table 1 presents results of measurements of the dispersive and physico-chemical
parameters.
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Table 1. Dispersive and physico-chemical properties of hybrid nanofillers made of silica precipitated
in the emulsion or water systems and cage silsesquioxanes

Hybrid nanofillers Dispersive properties
Sample Amount of POSS Bulk Particle diameter
No. Acronym modifiers den5|t3y from Zetasizer Nano ZS
(weigh parts) (g/dm’) (nm)
1 KU - 212 91-220; 30906440
2 M-KU-G3 3 274 59-142; 1990-6440
3 M-KU-G5 5 260 68-164; 825-1720; 2300-6440
4 M-KU-G10 10 257 79-190; 1990-6440
5 M-KU-M3 3 275 106-190; 3580-6440
6 M-KU-M5 5 270 91-164; 2670-6440
7 M-KU-M10 10 268 79-220; 2300-6440
8 M-KU-K3 3 252 79-220; 1110-6440
9 M-KU-K5 5 248 91-142; 2670-6440
10 M-KU-K10 10 233 122-220; 4150-6440
11 KE — 273 295-825
12 M-KE-G3 3 331 142-295
13 M-KE-G5 5 332 122-295
14 M-KE-G10 10 339 106-1480
15 M-KE-M3 3 342 142-459
16 M-KE-M5 5 345 122-396
17 M-KE-M10 10 347 164-396; 2300-4800
18 M-KE-K3 3 337 164-459
19 M-KE-K5 5 351 164-531
20 M-KE-K10 10 380 142-1110

The hybrids obtained by the mechanical method have non-uniform structure.
Nevertheless, the final effect is satisfactory as the hybrids show a high degree of
refinement and contain particles of very small diameters (~200 nm) thanks to the use
of a mortar. The unmodified silica obtained in the water system 